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ABSTRACT 
The primafy focus of this work concerns the investigation of the 
v 
hexagonal phase precipitation phenomenon in the cubic matrix at high 
temperatures in the Y2o3-La2o3 system by analytical electron 
microscopy techniques. Sintered 9 mol% La2o3/Y2o3 samples upquenched 
from the single phase cubic region into the two phase cubic and 
hexagonal field were held at two different temperatures in this region 
for times ranging from one to three hundred minutes before being 
quenched to room temperature. 
Intergranular precipitation predominates in samples annealed at 
2100°C just inside the two phase field as small La2o3 rich second 
phases form on the boundaries within the first ten minutes and develop 
into strained, facetted pre~ipitates with twinned substructures after 
,.. 
300 minutes. Intergranular and intragranular precipitation occurs for 
annealing temperatures fu.rther into the two phase field (2200°C) the 
. 
dominant morphology for long times at temperature be~ng strained, 
--. 
lath-like, La2o3 rich, twinned precipitates exhibiting a preferr.ed 
orientation in the matrix. 
Chemical microanalysis of the strained structures obtained after 
300 minutes reveals La2o3 matrix concentrations in agreement with 
phase diagram predictions, while second phase La2o3 concentrations 
exceed the cubic/cubic and hexagonal solvus. Either the phase diagram 
is in error, or the strained nature of the second phase induced by 
_, 
coherency effects subjects the system to a state of coherent equilib-
rium, in whfch case the phase rule go·verning ·the two coexisting phases 
-~ ) ·~ 
becomes invalid. 
1 
"'', ' I ,.• 
' 
r 
--------~--------------------------------· 
X-ray powder diffraction results from· 30 mo!% La2o3 samples 
quenched from the single phase hexagonal field revealed retention of 
the hexagonal phase. However, selected area diffraction studies on 
banded regions and areas exhibiting dislocations yield patterns of 
The bands may either be twins resulting from the 
hexagonal to monoclinic displacive transformation or alternate bands 
of the monoclinic structure which form epitaxially within the 
hexagonal phase. Composition invariance across the bands lends 
credence to the displacive nature of the transition. Finally, a brief 
demonstration of the fluorescence phenomenon ~n laser Raman 
spectroscopy is included to indicate the po·tential problems involved 
in analyzing rare earth oxides by this light scattering technique. 
C 
.. -j 
2 
,l --- ---· 
I 
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INTRODUCTION 
Current investigations on yttrium oxide, the most abundant rare 
earth oxide have been focusing on the unique optical properties of 
· (1 3) 
this ceramic. - Y2o3 exhibits great potential as an optical 
material due to its isotropic (cubic) structure, chemical stability 
and excellent light transmittance capabilities which extend .further 
into the infrared region than most other oxides. (4) The relat'ive ease 
of fabricating Y2o3 makes it competitive with other infrared materials 
presently being used such as MgO and Al2o3 and may justify its use in 
such applications as lamp envelopes fctr high pressure sodium arc 
lamps, windows and nosecones for inf rared heat seeking missiles,land 
other infrared devices, as well as various laser system utilizations. 
Over the years, sintering methods have been developed to yield 
highly dense, highly transparent yttrium oxide. Recently, Rhodes and 
coworkers(S) have developed a transient second phase sintering tech-
nique based upon the Y2o3-La2o3 binary that results in transparent, 
stochiometric polycrystalline Y2o3 solid solution material without the 
' toxicity problems previously encountered with BeO solute additions or 
the chemical instability observed in Th02-Y2o3 ceramics. (
6) The 
technique consists of sintering Y2o3 doped with 8-14 mo1% La2o3 in the 
two phase cubic and hexagonal field region very close to the cu- , 
bic/cubic and hexagonal solvus. The hexagonal phase precipitates 
which heterogeneously nucleate· on the grain boundaries pin their 
motion, preventing pore-boundary ~reakaway and· thus help ....... facilitate 
pore annihilation by diffusion along the boundary. A lower tempera-
ture anneal in the si.ngle phase cubic region dissolves the second 
3 
I, 
"'1 
~ . 
phase, yielding a fully dense, highly transparent, homogeneous 
polycrystalline Y2o3 ceramic. 
Though the unique features of the Y2o3/ta2o3 phase diagram 
have 
( 
been successfully utilized in the fabrication of dense polycrystalline
 
Y2o3, recent interest has 
developed over the nature of the phase 
transition involved in the sintering technique and in the Y2o3-rich 
portion of the binary system in general. Preliminary investigations 
by GTE(l,Z) on 8-14 mo1% La2o3 samples quenched from the two phase 
cubic and hexagonal field revealed that the hexagonal phase rapidly 
transforms to the lower symmetry monoclinic form. Twinning and slip 
accompany the transformation, yielding microstructures very_ similar to
 
those obtained for the tetragonal to monoclinic martensitic transfor-
mation in Zro2• 
The tetragonal to monoclinic transition in Zro2 has long been 
known to occur by a diffusionless shear type mechanism. (
7
-ll) This 
reaction can be exploited in the transformation toughening of the 
ceramic because the resultant volume expansion from the transformation
 
of ~etragonal particles in the matrix subjects the matrix to a 
compressive strain which then acts to blunt a4vancing crack tips, 
requiring higher energies for their propagation. (lZ) If the hexagonal 
to monoclinic transformation of the Y2o3-ta2o3 system can be pr
oven to 
be martensitic, then the Y2o3-La2o3 system may off
er potential for 
transformation toughening at temperatures far in excess of those 
presently attainable in Zr02• 
I 
Comparison of Zro2 with the Y2o3-L~2o3 sys
.tern yields other 
" 
similarities as well. Both crystallize in a cubic structure that is 
4 
\. 
based on the fluorite lattice (FCC cations with anions in all 
tetrahedral sites). However, the cubic phase of Y2o3 occurs as the 
low temperature form and as a defect structure (oxygen vacancies) 
whereas the cubic phase of Zro2 is only stable at high temperature. 
The transformation of interest in both systems occurs from a high 
symmetry structure (tetragonal in Zro2 , hexagonal in Y2o3) to a low 
~ 
symmetry structure (monoclinic in both cases) and proceeds extremely 
rapidly. Twinning and dislocations accompany the transitions in both 
cases as does a volume expansion (~4.5% in Zr02, approximately 1-2% in 
Y2o3-La2o3). 
Unlike the Zro2 system and other rare earth.oxide systems, the 
precipitation events in the Y2o3-La2o3 binary have not been extensive-
ly studied. Most of the major work on Y2o3-La2o3 has focused on the 
phase diagram determination by high temperature x-ray 
diffraction(l 3,I4) and limited electron microscopy studies on specific 
regions of the diagram by GTE Laboratories. 
The major portion of this work concerns the application of 
analytical electron microscopy techniques to the investigation of 
precipitation phenomena in the Y2o3 rich portion of the Y2o3-La2o3 
system. In particular, the nature of the precipitation of the 
hexagonal phase in the cubic matrix will be addressed as will its 
behavior as a function of time and temperature. Analytical results 
will be compared to present phase diagram predictions. The stability 
and transformation characteristics of the hexagonal phase and x-ray 
diffraction and TEM/STEM results of samples quenched from the single 
phase hexagonal field are also included. 
5 
I 
Finally, as Raman spectroscopy has recently proven itself to be a 
useful analytical tool in the ceramics field, a demonstration of the 
technique on a. pure Y2o3 sample as well as a brief review of some of 
the current pertinent literature on the theory and application of 
Raman scattering are also presented. 
' 
' 1 
6 
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BACKGROUND 
Phase Diagram 
Figure 1 shows the Y2o3-rich high temperature portion of the 
Y2o3-La2o3 system. It consists primarily of a two-pha
se cubic and 
hexagonal field above a single phase cubic region for La2o3 concen-
trations up to approximately 20 mol percent and a eutectoid reaction 
near 1950°C for 30 mol percent La2o3 compositions involving a 
hexagonal to the cubic+ monoclinic phase transition. This diagram, 
taken from high temperature x-ray diffraction data by Mizuno, et 
al, (l 3) and Coutures and Foex(l4) exhibits some uncertainty in the 
limits of the two-phase cubic and monoclinic field as well as the 
eutectoid temperature although the cubic and hexagonal phase field 
appears well defined. Previous work done by GTE on 8-14 mol perc~nt 
samples quenched from the two phase cubic and hexagonal field revealed 
cubic and monoclinic structures, possibly indicating that the limit of 
La2o3 concentrations in Y2o3 below approximately 
1950°C may actually 
be less than shown on the diagram. The circles in the cubic and 
hexagonal region are data points obtained by GTE by~icroprobe analy-
ses on large individual abnormal grains of a 12-14 mol percent Y2o3 
sample sintered at 2070°C to 2270°C and quenched to 1400°C in 1 
minute. These show excellent agreement with the cubic and 
hexagonal/hexagonal solvus, but exhibit some anomalies when compared 
with the published cubic and hexagonal/cubic solvus boundary. 
Crystallography 
The rare earth oxides exist in three polymorphic forms: cubic 
. \ 
(C), monoclinic (B) and hexagonal (A). All can be described in terms 
7 
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of the oxygen anion coordination. 
The C type structure, the dominant form of the rare earth 
sesquioxides at lower temperatures, has been characterized as a defect 
fluorite structure in which one-fourth of the tetrahedral anion sites 
are vacant. Eight of these fluorite cells comprise the entire unit 
cell, yielding a total 16 Y2o3 units per cell with a lattice parameter 
of 10.604A. Zachariasen's(lS) early x-ray work on Y2o3 cubic 
polymorphs revealed allowed reflections for h2 + k2 + 12 = 2n, in-
dicating a BCC sublattice and so the C type polymorphs of the rare 
earth oxides belong to the Ia3 space group. Paton and Maslen(l6) and 
later Caro(l 7) refined the structure of the cubic polymorph. The 
7 investigators confirmed the Th synnnetry group*, and determined that 
the structure consists of a three-dimensional framework of edge-linked 
0Ln4 tetrahedra (Ln = rare earth metal). Each shares only four out of 
six edges with other tetrahedra and has each of the metal atoms connnon 
to six rather than eight tetrahedra (Figure 2a). 
Within the unit cell, two sites exist for the metal ion: eight 
of the thirty-two metal ions occupy~'~'~' positions lying on the 
body diagonal and therefore having a three-fold cyclic rotational site 
symmetry (C3), and twenty-four metal ions lie in general u, o, ~ 
positions, occupying sites with c2 synnnetry which lie parallel to 
[100], [010], and [001]. The forty-eight oxygen ions form a distorted 
octahedra around the metal ions and they can be considered to be at 
six of the corners of a slightly distorted cube (Figure 2b). Two 
9 
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Figure 2a. Tetrahedral arrangement of rare earth metal 
atoms around an oxygen atom (After Zachariasen15 ) 
, 
Figure 2b. Oxygen ions at the corners of a slightly 
distorted cube showing the six fold coordination of the 
rare earth ion in the general position (u,0,1/4). · 
"' 
Oxygen - metal distances are indicated.(After Paton 
16 
and Maslen ) 
-- 10 
configurations of these octahedra or distorted cubes are allowed: one 
where the missing oxygen atoms are situated on the body diagonal (0 
octahedrally surrounding the~,~,~ cations) and another where they 
are situated across a face diagonal (0 octahedrally surrounding the 
. (18) general u, O, ~ positions). A diagram by Schaack and Koningstein 
showing the atomic configurations in the cubic unit cell is shown in 
Figure 2c. 
The hexagonal polymorph of the rare earth oxides conforms to the 
~ 
P3ml space group.** One Y2o3 molecule comprises the unit cell for a 
total of 5 atoms per cell. Each trivalent cation binds t~7 oxygen 
atoms with 3 long bonds and 4 short ones, while the oxygen atoms 
occupy two different sites: one binds to 5 and the other to 4 metal 
. l (18) atoms, respective y. The A-polymorph is essentially a close 
packed structure of M07 coordination of the metal atoms and the ion 
arrangement is very similar to the fluorite lattice of rare earth 
(19) dioxides. The metal atoms sharing the short bonds with the oxygen 
ions form a tetrahedra around the oxygens (Orr) while the oxygens of 
the longer bonds (01) have 6 octahedral metal neighbors. The struc-
ture has been described as sheets of edge linked 0Ln4 tetrahedra with 
the remote oxygen atoms between the sheets ((Ln0) 2o). Each sheet 
*Th7 :efers to the Schoenflies notation indicating tetrahedral coor-
dination of the oxygen with a three-fold axis in each vertex and a . 
two-fold passing through centers of opposite sides; the h indicates a 
reflecting plane perpendicular to the high symmetry axis. 
**Primitive hexagonal cell with a reflection plane perpendicular to 
the three-fold axis of rotation, a mirror plane parallel to the face 
diagonal, and a monad rotation around axis perpendicular to the 
c-axis. 
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Figure 2c. 
polymorph. 
(1/4, 1/4, 
• 
- I ~-~ 
~- ·--·r-··--- _,,..,., . ~ 
., . 
I .,,/ ; I 
I 
.... 
.. J 
Unit cell of the rare earth oxide cubic 
Full circles: eight rare earth. ions occupying 
1/4) positions lying on body diagonal. Others: 
. 
twenty four rare earth ions in general {u,O, .1/4) 
positions. The two oxvgen configurations are denoted 
by, the distorted octahedra shown. (after Schaack and 
· . . 18) Kon1.ngs te 1.n 
( 
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c 
forms by tetrahedra sharing 3 edges as each corner is common to 4 
tetrahedra (Figure 3a). (l 7) 
n+ Slight di~placements of the (LnO) layers with respect to each 
n 
other in the A-type polymorph along the <1100> directions yields the 
B-type monoclinic structure. The unit cell for this polymorph may be 
~~ 
considered to consist of six distorted trigonal units (or three 
primitive hexagonal units). It belongs to the space group C2/m in-
dicating a base centered monoclinic cell with a two-fold axis of 
rotation (along the [010] direction) and a mirror plane of reflection 
perpendicular to the [010] axis. Six molecular formula units comprise 
the monoclinic unit cell, and like the hexagonal cell, it shares a 
seven-fold coordination of the metal ion. 
Gouteron et al. (~l) demonstrated the similarities between the two 
structures showing that the cell parameters for the A and B polymorphs 
relate to each other by the following equations: 
aB .... a -b + 2cA .... A A 
bB ..... -a - b ... A A 
CB .... aA - bA - cA ... 
The authors further show that the two oxygen sites of the 
hexagonal .or trigonal·phase become five different sites in the 
~ 
monoclinic structure as the tetrahedrally coordinated oxygen of the 
hexagonal phase become three different distorted tetrahedra around 
oxygen atoms in the B-type polymorph. The octahedral o1 positions 
split into different groups as well. In all, the environs of three of 
the five groups of oxygen retain similar environs in the B polymorph 
as they had in the A-form. 
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plane of paper parallel to (110). b.) Monoclinic 
structure with plane of paper perpendicular to the 
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b [010] monoclinic axis. Unit cell projection is 
17 
outlined (After Caro ) 
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Three different cation sites exist with five different anion 
sites whose anions bind to 4, 5 or 6 metal ions. <20> In terms of 
ietrahedral arrangements, the structure. doesn't deviate significantly 
n+ from the A-form, possessing the same kind of (LnO) sheets except 
n 
that the succession of sheets are not as regular along what was the 
C-axis of the hexagonal cell A-structure. This is a direct result of 
1 
the oxygen atoms between the sheets not being as far from the rare 
earth atoms (Figure 3b). 
Roth and Schneider(ZZ) have developed a phase diagram exhibiting 
the relative stability of the various polymorphs as a function of 
temperature and cation radius (Figure 4). As indicated, the oxides of 
the largest ions (lanthanum) most commonly exhibit the hexagonal 
A-structure·while the smaller ions crystallize in the cubic form. The 
ionic size determines the behavior of any mixture of the rare earth 
oxides at elevated temperature. Small differences in radii as expect-
ed infer an extensive solid solubility whereas compound formation can 
be predicted for large cationic differences as in the perovskite LaY03 
(La+3=1.14A, Y+3=0.91A). 
A comparison of molar volumes of the three structure types 
suggest that increasing pressure should favor the monoclinic over the 
cubic forms and the hexagonal over both the cubic and monoclinic, the 
former transition requiring a shift from the 6:4 coordination with 
oxygen vacancies to the 7:(4,5,6) coordination of the monoclinic 
structure. Figure 5 shows the similar volumes resul~ing frqm the 
nearly identical lanthanide contractions for the hexagonal and 
monoclinic phases and the greater values achieved in molar volume for 
15 
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the cubic phase. The hexagonal to cubic phase transformation. yields a 
substantial 8% volume increase while the hexagonal to monoclinic 
I (20) transition·only produces a 1% expansion. Hoekstra . successfully 
stabilized the monoclinic form of Y2o3 with high temperatures and 
pressures and measured the following lattice parameters for the 
B-cell: 
a= 13.91 ± 0.1 A 
0 = 90° 
b = 3.483 ± .003 A 
a= 100.1s ± .os 0 
c = 8.593 ± .005 A 
y = 90° 
When compared to the lattice parameters of other rare earth oxide 
monoclinic cells, very close agreement can be found, especially for 
the stable monoclinic Gd2o3 structure (a= 14.061, b = 3.566, c = 
8.760, 8 = 100.1) whose x-ray diffraction data has been fully charac-
terized by Guentert and Mozzi. <23> 
Phase Transformations in Rare Earth Oxides 
Previous studies on phase transitions involving the cubic 
polymorph of the rare earth oxides revealed an increasing activation 
energy and transformation temperature with decreas~ng cation size. 
This suggests that the rearrangement and diffusion of the larger 
oxygen ions control the rate in these reconstructive transformations 
involving a change in the primary coordination. 
The monoclinic to cubic transformation has been shown to be a 
reversible one while the cubic to hexagonal transformation has not 
be~n proven reversible. The interlayer planes of oxygen atoms in the 
B-form ca~ more easily move into the tetrahedral coordination present 
in the low temperature cubic form as it only requires a slight 
~ 
18 
,{/ 
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n+ displacement of the (LnO)n sheets in B Ln2o3 with respect to one 
"-
- . 
,nother by ~[010] .coupled with a slight increase in their sepa-
ration. (l 7) 
TEM Studies of. Phase Transformations in Rare Earth Oxides 
The transformation of the rare earth hexagonal and monoclinic 
polymorphs to the cubic structure is believed to be a reconstructive 
·-
type involving broken and reformulated bonds. The hexagonal and 
n+ 
monoclinic phases are closely related layered structures of (LnO) 
n 
with o= ions separating the layers which are stacked parallel to the 
(00•1) basal plane of the hexagonal cell and to the (201) plane· of the 
monoclinic cell. The crystallographic relationship has been verified 
by Boulesteix et al. <24 , 25> through in-situ oxidation and heating TEM 
studies of the hexagonal to monoclinic phase transitions in Nd2o3 and 
Sm2o3• 
The B-type phase forms epitaxially as bands in the hexagonal 
matrix upon rapid cooling and being unstable, disappears within 
minutes after formation. Electron diffraction data obtained from 
similar studies on Pr2o3 by the same investigators yielded the follow-
ing epitaxial relationship between the hexagonal and monoclinic 
polymorphs:(26) 
(lOO)Ap O f l(lll)PB O 
r2 3 r2 3 
(lOO)PA O I IC313)PB ·O r2 3 _r2 3 
The hexagonal to monoclinic transformation was shown to be of a 
cooperative or diffusionless nature and the identical compositions of 
19 
,, 
the epitaxially related bands of the hexagonal and monoclinic phases 
lent further credence to a martensitic character for the transforma-
tion. 
High resolution electron microscopy studies by Salem, Dobie, and 
Yangui(2S) revealed that the actual: transformation proceeds by the 
/ 
epitaxial growth of the monoclinic bands into the hexagonal phase in a 
manner which results in constraint at the interface. Any monoclinic 
phases which develop with orientations that do not yield a strained 
interface do not grow, indicating that strain energy drives the 
reaction as in martensitic transformations. Similar studies of Pr2o3 
exhibited the instability of the monoclinic "microdomains" when 
elastic stresses are released as by incoherency. 
The martensitic characteristics of the transformation become 
evident when considering the relationship between the two polymorphs. 
The monoclinic cell derives from the hexagonal structure by a slight 
deformation of the hexagonal basal plane and a 3.2° tilt of the C-axis 
(hexagonal). The (LnO)n+ layers slide along the three equivalent 
n 
directions [OlIO], [10IOJ, [lIOO] of the hexagonal cell (perpendicular 
to the C-axis) as the epitaxial relationship maintains continuity 
n+ between the (LnO) complex groups of the two phases. (The 00•1) 
n 
basal plane of the hexagonal polymorph becomes parallel to the (201) 
plane of the monoclinic.cell and the he~agonal lattice C-axis inclines 
to become the [101] direction of the B-polymorph which is nearly 
n+ perpendicular to the (LnO) layers. The {110} planes and the axes n 
perpendicular to them become 2 {313} planes and 1 {020} plane of the 
monoclinic cell. Twinning of the crystal has been· reported along 
. 
' 
20 
planes containing the [101] direction as well as the {313} and {111} 
planes of the monoclinic phase. <28 •29) 
The HREM studies by Salem, et al. revealed a potential 
ferroelastic character to the hexagonal to monoclinic phase transi-
tion. The term ferroelastic refers to a transformation in which 
different orientation domains of the ferroelastic structure 
(monoclinic phase) occurring during the phase change can be trans-
formed into each other by strain. It can occur between a high temper-
ature high symmetry structure and the low symmetry low temperature 
structure providing the point group of the low temperature phase is a 
subgroup of the high temperature phase and when each belongs to a 
different crystal system. 
As mentioned previously, the monoclinic structure can be derived 
from the hexagonal polymorph. As the volume of the monoclinic primi-
tive cell exceeds that of the hexagonal primitive cell by a factor of 
three, three neighboring unit cells of the hexagonal polymorph deform 
in three slightly different ways to yield one primitive unit cell of 
the monoclinic phase. (Actually, since the monoclinic cell is base 
centered, its volume equals twfce that of the primitive B cell and 
therefore six times the volume of the hexagonal unit cell. Thus, six 
cells of the hexagonal phase can deform to form one monoclinic cell as 
shown in Figure 6,.) The deformation of the hexagonal phase in three 
different ways gives rise to different orientation domains or variants 
of the monoclinic phase, the nµmber of which depend upon the space 
groups involved. 
? 
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The symmetry elements of the monoclinic phase are a two-fold axis 
along [010], the b axis of the cell, a mirror plane parallel to the 
(010) plane, and an inversion center located at the origin and at the 
base center points(~,~' 0). The hexagonal cell possesses the same 
symmetry elements in addition to 2n/3 and 4n/3 rotations about the 
three-fold axis. During the transition, the three-fold axis, the 
two-fold axis and the two symmetry planes are lost, as the latter two 
give rise to four (mechanical) twins in the B phase which relate the 
different orientation domains to each other. Yangui and 
Boulesteix(JO,Jl) have determined the orientations of these domains 
and found that as a result of this mechanical twinning phenomenon· 
.. 
,\ 
which relatesrthe different domains to each other, mechanical strain-
' 
ing can transform one orientation domain of the B phase into another. 
~ 
-As the hexagonal point group is 3m and that of the monoclinic cell is 
2/m, a subgroup of 3m, and since both structures belong to different 
crystal systems, the phase transformation can be considered 
ferroelastic. Figure 7 shows an example of the various orientations 
of the domains. 
Martensitic Phase Transformations and Toughening 
Probably the most comprehensive definition of a martensitic 
transformation that differentiates it from other displacive transfor-
mations is proposed by Cohen, Olsen and Clapp. (JZ) According to the 
authors, a martensitic transformation infers a "lattice distortive, 
virtually diffusionless structural change having a dominant deviatoric 
component and as~ociated shape change such that the strain energy 
dominates the kinetics and morphology during the transition." 
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Lattice distortive· refers to a homogeneous strain which converts 
one 
(32,33) Bravais lattice into another by a shear-type mechanism that 
maintains coherency between the parent and product phases across a 
common undistorted, unrotated habit plane, along which the plates of 
martensite lie. The Bain deformation provides the lattice distortion 
but cannot account for the undistorted unrotated habit plane. There-
fore, a lattice invariant shear involving atom shuffles is required to 
maintain lattice symmetry and crystallography, while yielding an 
undistorted . lane. This latter mechanism produces an elastic strain 
energy which p ovides the driving force for the reaction and dominates 
/ ~ 
the kinetics and morphology. 
Finally, bec?use the undistorted plane derived from the combined 
Bain strain and lattice invariant shear differs in orientation in the I:. 
.. 
Q 
parent and product phases, rotation of the parent structure is neces-
sary to yield the undistorted unrotated habit plane. According to 
Cohen··, et al. this undistorted plane, usually of irrational indices 
and whose purpose it is to transfer atoms in proper orientations from 
the parent to product phase res9lts from the dominance of the 
deviatoric (shear) component parallel to it as opposed to the dila-
tional (tensile) component perpendicular to the interface which will 
cause distortion. 
Twinning and slip accompany the transformation to accommodate the 
lattice deformation since the atom displacements only occur over very 
small distances0 less than one atomic spacing. It is this coordinated, 
orderly movement of atoms that yields the same atomic neighbors in 
both the parent and product phase, yielding c·omposition invariance, 
25 
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and thus providing the diffusionless nature to the transformation. 
Though not essential for the definition of martensitic reactions, most 
of these transformations require further·cooling to promote continued 
~) (33 34) transforma~ion. ' Continued cooling aids in overcoming strains 
in~µced by the change in crystal structure that act to oppose the 
driving force for the transformation since the nature of the process 
is diffusionless. 
Presently, the Zro2 (and the Hf02) systems exhibit phase trans-
formations of a mar~ensitic character. (JS) The tetragonal polymorph 
transforms in a diffusionless manner to the monoclinic form consisting 
of layers of triangularly coordinated oxygen polyhedra 0Zr3 and 
distorted tetrahedra of ozr4• The reaction proceeds with less than 
one interatomic distance di~placement of oxygen atoms in tetrahedral 
~ 
coordination to triangular coordination in the (100) plane of the 
monoclinic phase. 
The tetragonal phase can be stabilized within the matrix if 
coherency is maintained across the interface. Once incoherency 
< 
results, spontaneous transformation to the monoclinic symmetry yields 
a three to four percent volume expansion which subjects the surround-
ing matrix to a compressive strain. The interaction of a crack tip 
with a tetragonal particle originally coherent with the matrix results 
in a loss of coherency and an associated loss of constraint on the 
particle by the matrix. This stress induced transformation and 
resultant strain induced by the volume expansion acts against the 
tensile forces of the crack tip to blunt it, requiring higher energies 
for crack propagation. The closer the particles are to the 
26 
transfoI111ation condition, the larger will be the transform
ation zone 
size in the crack tip vicinity and therefore the greater 
the tough-
ness. This is the underlying principle of transformation
 toughening. 
Co-ptecipitation of Ceramic Powders 
Of the many methods available to produce mixtures of ceram
ic 
powders, the co-precipitation technique has gained promin
ence due to 
its ability to mix components intimately on an atomf~)scale. Every 
material has its own co-precipitating recipe therefore th
e conditions 
of precipitation vary with the system and must be well co
ntrolled to 
attain the ~sired particle size, shape and distribution 
as well as 
the chemical homogeneity all of which greatly influence t
he micro-
structure of the sintered compact. Parameters which requ
ire careful 
monitoring include the pH o{ the precipitation solution, time in the ... 
solution, rate of precipitation, and the temperature. (
36 ) Other 
considerations involve yields, decomposition rates and re
actions, type 
of precipitate (single compound, solid solution, or mixture of com-
pounds), reactivity and sinterability, and residual cations and 
anions. Impurities introduced during the precipitation p
rocedure can 
grossly affect sintering behavior. 
Monforte and Schrey(37 ) showed that 
For example, O'Bryan, Gallagher, 
-the retained Cl ions from the 
co-precipitation of Ni(N0) 3 and FeC12 yields· a regression in the 
sinterability of nickel ferrous ferrite as gaseous ferrou
s chloride 
(FeC12) fills and expands pores causing
 sample cavitation. 
Segregation of the components by agglomeration must also 
be 
avoided in order to attain fine thoroughly blended powder
s and prevent 
, 
(38) 
pore entrapment in the sintered body. Dragoo and Domingu
es found 
27 
that precipitate agglomerates occur when the concentrated solutions o
f 
reactants are mixed in such a way that the reaction doesn't take plac
e 
uniformly. 
The temperature of precipitation and subsequent calcination to 
the oxide can affect powder size and sinterability. Investigations o
n 
Th02-Y2o3 co-precipitation by
 the oxalate process show an increase in 
crystal size with increasing precipitation temperature and calcining 
temperature with no dependence of sintered densities on the tempera-
ture of calcination. (39 ) However, Overs and Riess(
40) in their 
production of Gd2o3 doped Ceo2 by the oxal
ate process show a very weak 
dependence of precipitating temperature on precipitate size, as large
 
particles form for high temperatures (44°C) and smaller particles for 
temperatures near 7°C. How~ver, the BET analysis attains a maximum 
"' -
for calcination temperatures near 350°C and decreases with increasing 
calcining temperatures up to 1000°C. 
For the co-precipitation of rare earth oxides, the oxalate and 
• (41 42 1) 
sulfate processes are most common. ' ' The oxalate process 
however yields fairly easily removable hydrocarbon impurities as 
opposed to the sulfur impurities of the latter technique which segre-
gate to grai~ boundaries during sintering to form a wetting grain 
t-
boundary phase. Therefore, the "cleaner" oxalate process was used in
 
this work. 
Analytical Electron Microscopy 
k-Factor Determination 
The application of analytical electron microscopy studies to 
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k-factor for this system. Accurate quantitative analys~s depend upon 
this constant of proportionality which relates elemental characteris~ 
tic x-ray peak intensities (IY,ILa) to their respective concentrations 
(CY,CLa). The k-factor is independent of.composition and foil thick-
ness if the intensities of the two desired elements are measured 
simultaneously and the thin film criterion is obeyed. Howevert it has 
been shown to be function of the operating voltage. <43) Absorption by 
the beryllium window, gold surface layer, or silicon dead layer of the 
x-ray detector must be considered especially in the case of light 
element analysis where beryllium window absorption can become signifi-
cant. This holds special importance in this study as the yttrium L 
lines used for microanalysis are of ,a very low energy (1.92 keV) 
almost comparable to the Klines of the lighter e~ements. The 
k-factor can vary with the instrument on which it is measured due to 
detector geometry and effi~iency. Therefore, microanalyses should 
always be performed under the same conditions as which the k-factor is 
measured. Measurement only requires a thin foil containing the 
elements of interest, whose compositions are known, and which is 
stable under the beam at the operating voltage. <44) 
Thin Film Criterion 
Absorption of characteristic x-rays by the sample depends 
upon the sample composition and foil thickness and may affect the 
final outcome of the microanalysis. <45) If the foil thickness exceeds 
a critical value, usually taken to be .the limit where upon a 10% error 
is involved in the composition obtained, a thickness correction must 
be applied to the Cliff-Lorimer equation. Goldstein et al. <43) gave 
29 
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an expression for the Cliff-Lorimer equation which accounts for the 
absorption effects: 
l 
When D exceeds 0.1, absorption is considered significant. The value D 
which defines the thin film criterion is related to the foil thickness 
t by the expression D = [(Pt/2)(XB~XA)] where P represents the speci-
men density, t the thickness, and XB, XA the products of the mass 
absorption coefficient for the characteristic x-ray of element A (or 
B) in the specimen and the cosecant of the x-ray.take-off angle a (20° 
in the Philips EM400T). Values of the mass absorption coefficients 
are tabulated in the literature. <46) 
Thin Foil Spatial Resolution 
Interaction of the electron beam with the sample as it 
passes through the foil results in an increase in the beam diameter 
with depth into the foil. The amount b that the size of the beam 
exceeds the initial probe diameter d depends on foil thickness and 
helps define the minimum distance between which two microanalysis 
readings can be taken in the foil before one reading overlaps the 
other. Reed's<43) model of electron scattering in a thin foil yields 
the following expression for b: 
b = 625 • R ~ L t 312 A E 
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where again p represents the density (g/cm3 ), A the molecular weight 
or atomic weight, Z the atomic number, Ethe excitation voltage (kV) 
and t the thickness (cm). Thus, knowledge of this beam spread parame-
ter imposes resolution restrictions on the microanalysis. 
Specimen Thickness Measurements 
Accurate foil thickness measurements can be obtained by 
tilting a convergent beam electron diffraction pattern into a two-beam 
' 
condition and adjusting the objective lens to form the probe at the 
specimen plane. The resulting intensity minima or fringe patterns 
which occur symmetrically within the diffracted disc contain the 
information on foil thickness in the region from which the pattern was 
obtained. 
The deviation parameter Si for each of the fringes (i) is defined 
as follows: 
Si= 
where A = wavelength (A0 ) 
dhkl = interplanar spacing for diffracted excited disc 
~ei = distance of intensity minima from center of diffracted 
disc 
eB = Bragg angle or half the distance between transmitted and 
diffracted beam. 
Values for the thickness are obtained from straight line plots of (Si2 
+ 1/, 2 )t2 = n 2 where~ is the extinction distance, t the thickness, g i 8~ 
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and n1 represents arbitrarily assigned integers which yield the best 
fits to a straight line for the various values of Si. The inter-
ception of the l/n1
2 versus (Si/ni) 2 plots with the (Si/ni) 2 axis 
yields l/t2 • <43) 
Raman Spectroscopy 
Raman spectroscopy has recently gained popularity in the ceramics 
field for phase identification and studies of crystal symmetry, 
especially now that improved laser optics have reduced analyses 
volumes to less than 6 cubic microns and detection limitations of 
second phases to greater than five volume percent. <47 ) Phillipi and 
Mazdiyazni(4S) have successfully characterized various phases in Zro2 
by Raman scattering and found the technique to be more sensitive than 
x-ray diffraction to small changes in the crystal lattices. X-ray 
diffraction requires a periodicity in the sample over a length of at 
0 
least 50 A which renders it useless in cases where changes occur 
before such long range order is achieved as in the onset of crystal-
(49) (50) lization and phase transformations. Clark and Adar have 
measured the size of transformation zones surrounding crack tips 
involving the martensitic tetragonal to monoclinic transition in 
transformation toughened Zro2 alloys using the Raman technique. 
~ Besides the sensitivity of the phenomena to slight changes in 
lattice structure, Raman spectroscopy offers other advantages includ-
. (51) 1ng: 
a) Molecular specificity - The frequency shifts of the scattered 
light are related to the vibration~! frequencies of the observed 
molecules, providing information on the local molecular environment 
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and structural coordination which allows for fingerprinting of charJc-
teristic species. 
b) Non-destructive nature - If sample is non-absorbing, there is 
no destruction of the sample although sample decomposition has been 
reported under very strong beams. 
c) Ambient conditions - No vacuum requirements necessary nor any 
sample preparation procedure. 
d) Simplicity of spectra - Only fundamental vibrational modes 
are seen under normal conditions, and 
e) Range of applications - All states of matter can be inves-
tigated, liquids as well as solids and gases. 
Disadvantages of the technique result mainly from the inherent 
weaknesses of the Raman effect which is by nature a very low light 
intensity phenomenon. Local heating as a consequence of incident 
radiation absorption by the sample under high intensity lasers can 
result in sample instability. Quantitation procedures presently are 
lacking due to an underdeveloped theory of photon inelastic scatter-
ing. However, probably the major problem to be addressed whenever 
using the Raman technique is the fluorescence effect which tends to 
produce false peaks in the spectrum and makes the detection of the 
weaker Raman spectra difficult,'.. ' .,.~ 
./ 
The Raman effect is an inelastic scattering process between 
photons of monochromatic light and molecules of a solid; liquid, or 
gas. Photons of the incident beam with energy hv encounter molec
ules 
0 
in the ground state E or excited state E' which scatter the incident 
o E - E' 
photons r~sulting in a scattered frequency v ± ( 
0 ). This 
0 h 
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scattering results mainly from the vibrational energy of the molecules 
within the sample and appears as altered frequencies, i.e. frequency 
shifts or displacements of Raman spectral lines from the exciting line 
v which are identical with the frequency of molecular vibrations in 0 
the sample. 
A photon, upon colliding with a molecule, can be scattered 
elastically where no energy change occurs such that E=hv before and 0 
after the collision (Rayleigh scattering), or inelastically where the 
conservation of energy requires 
hv + ~vo 2 + E = hv' + ~ mv' 2 + E' 0 0 (1) 
The ~v2 terms refer to the translational kinetic energy of the 
molecule before and after the collision, the E terms to the molecular 
internal energy of the molecule, and the hv terms describe the photon 
energies. Conservation of momentum for the collision yields 
mv 
0 
molecule 
hvphoton 
o hv' + = mv' - --c C (2) 
resulting in a momentum change m(v'-v) equal to h(v'+v )/c. (3) 0 0 
As the velocities of the molecules before and after the collision with 
a photon are relatively small, i.e. v = v', 
0 
or 
hV + E = hv' + E' 0 0 
(E - E'/h = (v' - V) 0 0 
(4) 
Thus, the photons that collide with molecules either lose energy 
(Stokes: v = v - v.) or gain energy from the molecules (anti-Stokes: S O l. 
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"as a "o + "i) as they decrease or increase respectively their fre-
quency v
0 
by the vibrational frequency of the molecule vi. 
Molecular vibrational energy is quantized and defined by the 
1
relation E=(u + ~)hv, where u represents the vibrational quantum 
number. The number of molecules ni in the first excited vibrational 
level (u = 1, E = 3/2 hv.) relative to the number in the ground 
l. 
vibrational state n
0 
(u = 0, E = ~hvi) is described by the Boltzman 
distribution: 
As hv. is greater than kT at room temperature, most molecules will 
l. 
possess the minimum energy ~hvi. Therefore, as a result of Boltzman 
statistics, photons of energy h(v
0 
- vi) are more widely observed than 
those with energy h(v
0 
+ vi), making the Stokes R.aman spectra the one 
most easily studied. The diagram of Figure 8 shows the energy tran-
sitions described above for the various scattering processes. 
An alternative way of viewing the Raman phenomenon is to invoke 
the wavelike nature of light rather than the particle (photon) nature. 
Monochromatic light with a wavelength much greater than the molecular 
dimensions of the sample through which it is passing, subjects the 
molecules to an oscillating electrical field which oscillates at the! 
.. -~ 
frequency of the lightwave, V • 
0 
Electron displacement results within 
this field and the induced oscillating dipole in the molecule radiates 
light. 
The induced dipole moment Mis related to the electric field E 
(of amplitude E and a fluctuation frequency of v) by the equation: 
0 0 
M = a E cos (2~v t). 
0 0 
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Figure 8. Diagram illustrating the vibrational Raman 
effect. Two electronic states with vibrational 
1 . . d. 1 d (After Et?Sl) sp 1tt1ngs are isp aye. 
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\ The time dependent constant o
f proportionality a dictates how
 easily 
the electrons are displaced by t
he electric field and is known a
s the 
molecular polarizability. 
For diatomic molecules, a varies
 linearly with bond length. At 
r~st, the length of the bond bet
ween atoms com sing the molec
ule is 
designated as the equilibrium le
ngth Q. The ~sociated 0 
polarizability is accordingly a
. In the presence of the elect
rical 
0 
field, the stretching and contra
cting motion of the oscillating 
molecule alters bond lengths, ch
anging the polarizability as a f
unc-
tion of displacement from the eq
uilibrium bond length Q defined 0 
as Q1, the displacement coo
rdinate. (Q 1 = 0 at the
 equilibrium 
aa a~ 
configuration Q0 ). Thus, a varies as a 0 
+ (aq
1
}0Q1 + ••• where <aq1) 0 
indicates the rate of change of 
the polarizability with the chan
ge in 
bond length evaluated at the equ
ilibrium configuration. 
with time as the molecule vibrat
es with frequency vi so 
cos (2~vit) where Qr is the amplitude of the vibration 
' . 
displacement from the equilibriu
m bond length Q. 0 
Q1 varies 
0 
that Q1 = Q1 
or the maximum 
The changing molecular polariza
bility as a result of its sensi-
tivity to bond orientation (rotational 
transitions), length 
(viprational transitions) or nature (el
ectronic transitions) describes 
the Raman effect. Of these, the
 vibrational effect is most prom
inent 
and provides the chemical inform
ation. Polarization then is the
 key 
to the Raman phenomenon. 
i 
The magnitude of the rate of cha
nge in polarizability with 
(!§_) d h i f 
respect to the change in bond le
ngth aQ ictates t e intens ty o 
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the scattering process. In cases where a diatomic molecule stretches
 
and contracts or bends symmetrically, i.e. when a molecule increases 
or decreases its occupied space and shape equally in all directions i
n 
a pulsating manner, the resulting alteration in the molecular 
polarizability yields the most intense Raman lines (Figure 9a). 
However, when the stretching or bending is unsymmetrical, the positiv
e 
shift in polarizabilit~ in one direction cancels the negative shift i
n 
' 
the other such that no scattering occurs and therefore no Raman effec
t 
results (Figure 9b). 
I 
Intensities of Raman lines are related to the fourth power of the 
excitation frequency (v 4 ) and are directly proportional to the number 0 
density of the scattering molecules in a specific energy state E. 
This implies that intensity directly relates to the concentration of 
the species which generates the line. Therefore, quantification can
 
(52) f 
be performed with standards, however·, it is necessary to obtain 
consistent intensity data such that comparisons can be made. This 
restriction requires that the geometry of the sample with respect to
 
the excitation source and monochromator be reproducible from sample t
o 
sample since spectra can change with the direction in which the 
. 
. 
scattered light is viewed with respect to the plane polarized inciden
t 
source. 
A serious interference problem that occurs when the ·frequency of 
the excitation s9urce approximately equals the quantized frequency of
 
any excited levels is (electronii) fluorescence. This phenomenon 
occurs over a broad range of wave ~umbers in the Stokes region of the 
spectrum as a result of heating or photon absorption and appears as 
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Figure 9. ,folarizability ellipsoids for ~ linear molecule. 
a.) Symmetrical stretching (Raman active), and b.) 
Antisymmetrical stretching (Raman inactive). 
39 
/ 
emitted light with.a frequency shifted from that of the incident 
light. This inelastic scattering process results when the incident 
energy E exactly equals the energy between two electronic levels, 
0 
thus exciting the transition between the two levels as shown in Figure 
10. Fluorescence does not depend on the excitation frequency v and 0 
therefore, the artifacts it generates in the spectrum can be detected 
by changing 'the excitatio.n frequency • 
• 
1 ' 
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EXPERIMENTAL 
Powder Preparation 
The powders used for portions of this study were the oxides of 
yttrium and lanthanum (Molycorp Corporation) quoted as 99.99% pure. 
Table 1 shows the impurity concentrations in the two lots of powder as 
obtained by the mass spectroscopy technique. Both exhibit primarily 
other rare earth oxide impurities. 
., 
The co-precipitation technique was chosen to prepare the powder 
compositions of interest since this method allows an intimate mixing 
of the constituents on an atomic level. Because impuritie~ introduced 
during the co-precipitation process can grossly affect sintering 
behavior, the choice of the precipitate was made on the basis of that 
which would yield a relatively clean product, free of detrimental 
\ 
ionic impurities that are difficult to remove by prefiring heat 
treatments. The oxalate co-precipitation process was chosen over the 
sulfate process in this work since the only ionic impurities resulting 
from the former precipitation procedure are. hydrocarbon groups as 
opposed to sulfur in the latter process which has been shown to 
segregate to grain boundaries upon sintering, forming a wetting grain 
boundary phase, <42> 
Xeflon labware was used where possible throughout the powder 
processing procedure to avoid potential silicon contamination by glass 
apparatus. Furthermore, in an effort to reduce powder contamination 
·, 
possibilities, all labware utensils were thoroughly cleaned first with 
soap and water and then by acid washings in_.aqua-regia (HCl and HN03 
42 
J 
) 
Table 1. Impurity Concentrations for the Pure Oxides 
as Received from Vendor* 
Analysis by Mass Spectroscopy 
Concentrations in parts per million (ppm) 
., 
Y2o3 lot 111319 La2o3 lot /1854 
loss on ignition**=0.46% loss on ignition**=0.09 
La2o3 500 Y203 
Ceo2 10 Ceo2 
Pr6011 1 Pr6011 
Nd2o3 2.3 Nd0203 
Sm2o3 0.2 Sm2o3 
Eu2o3 0.3 Eu2o3 
Gd2o3 5 Gd2~3 
Tb407 0.02 Tb4o7 
Dy203 0.03 Dy203 
Ho2o3 30 Ho2o3 
Er2o3 7 Er2o3 
Tm2o3 2 Ca 
Yb203 5 Fe 
Lu2o3 0.2 Mn 
Ca 2.8 Cr 
Fe 1.3 Ni 
p None Zn 
Mn 6 Pb 
Cr 10 Sr 
Ni 12 Ba 
·,, 
Zn 1.6 P205 
Pb 20 
Mg 1.2 
Sr 6 
*Molycorp, Incorporated, Louviers, Colorado 
**adsorbed co2, mostly H20 
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75 
10 
15 
' 15 
30 
30 
300 
75 
1 75 
30 
30 
92 
0.9 
0.3 
10 
12 
1 
20 
29 
25 0 
23' 
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mixture), an HF solution, and finally a long time soak in boiling 180 
deionized water. 
A 0.9 Molar (approximately 80% saturated) oxalic acid solution 
was prepared from hydrated oxalic acid powder and deionized water and 
slowly heated to ensure complete dissolution of the contents. The 
pure oxides of yttrium and lanthanum were weighed in appropriate 
proportions and dry mixed in a one-liter teflon-jar with a teflon rod. 
The mixture was enclosed with plastic tape_/and placed beneath a 100 ml 
burette filled with nitric acid and supported by a ring standard. The 
amount of nitric acid required for the conversion of the oxides to 
nitrates was obtained from the following chemical equation: 
La2o3 + 6HN03 = 2 La(N03) 3 + 3 H2o 
Y2o3 + 6HN03 = 2 Y(N03) 3 + 3H2o 
The total amount of nitric acid (HN03) ~as calculated from the 
requirements of both these reactions, and 50% excess HN03 was added to 
ensure nitrate formation. 
--1' 
The HN03 was added to the teflon
 jar very slowly since the 
reaction between the acid and the oxides is violent and extremely 
exothermic. Constant movement of the jar curing the HN03 addition was_ 
performed to ensure as much·of the oxides as possible contacted the 
acid. The large agglomerates that resulted were broken up with a 
teflon rod and then the contents of the enclosed jar were stirred with 
a teflon coated magnetic stirrer until a clear liquid was obtain·ed. 
' 
Precipitation by oxalic ·acid incorporations to the nitrate 
solution was performed below room temperature (14-16°C) in the hopes 
of preventing particle coarsening in the liquid and also to ensure all 
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the nitrates came out of solution so as to obtain a high yield. The 
amount of oxalic acid needed was obtained from the following chemical 
"k..) 
reactions: 
2La(N03) 3 + 3H2c2o4 = La2(c2o4) 3 + 6HN03 
2Y(N03) 3 + 3H2c2o4 = Y2(c2o4) + 6HN03 
Fifty percent excess oxalic acid was added in addition to the amount 
required. Oxalic acid was dripped from the burette at a rate of 
approximately 16 ml/minute into the agitated nitrate solution which 
was submerged in an ice bath maintained at 14-16°C. Because of the 
limited capacity of the burette, the process had to be interrupted 
periodically for acid refills, and adjustment of the stirring was 
necessary as the process continued to achieve sufficient agitation 
with increasing volumes of solution. 
The precipitates which formed after the oxalic acid addition were 
allowed to settle for a short time (~1 minute) after which the liquid 
was drawn off and stored. The thick oxalate slurry was then filtered 
through a 0.2µm polycarbonate mesh and was followed by the liquid. 
The filtrate was placed into a second teflon jar and washed three 
times with 180 deionized water, each rinse being immediately followed· 
by a filtration step. The washed precipitate was then hand mixed to 
break up agglomerates and allowed to dry for 7 to 8 hours under a heat 
lamp. 
Calcination to the oxides was performed at I000°C in a box 
furnace. The dried oxalate powder, contained in a closed A12o3 
crucible was taken to temperature over a 1~ to 2 hour time period, 
held at 1000°C for 1 hour, and cooled to below 300°C before being 
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transferred for storage to a nitrogen atmosphere cont
aining glove box. 
Final powder characterization was performed by x-ray 
diffractometry 
using a one degree per minute'scan rate between 15° an
d 65°. Further 
analyses involved.examination on the ETEC scanning el
ectron microscope 
using a Au-Pd coating to prevent electron charging. 
Sample Preparation for 30 mo!% La2o3/Y2o3 Mixtures 
Cold Pressing and Heat Treatment 
Two grams of the calcined-powder were crushed to brea
k down 
agglomerates and placed within a three-quarter inch d
iameter graphite 
die assembly consisting of four graphite spacers and 
a punch rod 
(Ultracarbon, Union Carbide Ltd., <100 ppm impurities). Pieces o
f 
weighing paper were placed within the die in an effor
t to reduce 
contact between the oxide mixtures with the graphite 
spacers and rod. 
Pressure was applied slowly over a three to five minu
te interval, 
steadily increasing the force to 3000 lbs. (47 MPa) before slowly
 
releasing it and extracting the pellets. Removal of 
the carbon which 
contaminated the sides of the pellets as they contact
ed the graphite 
walls was achieved by heating the pressed pellets enc
losed in an A12o3 
crucible in a box furnace for two hours. Green dens
ities were then 
measured. 
Pellets of thirty mol percent La2o3/Y2o3 powder mi
xtures that 
were sintered and heat treated in this study were pac
ked with powder 
of the same composition to help prevent vaporization
 of the Y2o3-La2o3 
from the sample. (53- 55) The entire mass·was enclosed in a covere
d 
tungsten crucible which was placed in the hot zone of
 a tungsten mesh 
resistance heated furnace (Contorr Associate Inc., Suncook, New 
46 
Hampshire). An a~gon·atmosphere was maintained in the evacuated 
chamber with a flow rate of approximately one SCFH air. Accurate 
temperature measurement at the container wall in the hot zone was 
achieved by focusing a high temperature optical pyrometer on the 
crucible. Quenching was performed by programming the furnace con-
' 
troller unit to decrease temperature from the heat treating setpoint 
(2025°-2050°C) to room temperature in 1 minute (i.e. essentially 
cutting the power off) while the rod supporting the crucible was 
rapidly withdrawn from the hot zone into a jet stream of argon enter-
ing at the bottom of the furnace chamber. Cooling rates exceeded 
400°C/minute. All sintered densities were obtained by the Archimedes 
method (Appendix I). 
Microscopy 
Thin Foil Preparation 
Thin foils were prepared by slicing 30 mil thick cross 
sections of the sintered pellet and mounting them on glass slides for 
grinding and polishing. Samples were rough ground with 600 grit and 
then 1200 grit SiC powder until thicknesses less than 100 µm were 
achieved and then they were polished on both sides with 6 µm diamond 
paste. Polished foils were mounted between two rhodium plated copper 
grids and ion beam thinned at 6 kV. A light carbon coating was 
applied to the thin foils to avoid charging under the electron beam. 
All TEM analyses were done at 120 kV on a Philips 400T equipped with a 
Tracor Northern EDS. 
k-Factor Determination 
For the k-factor determination in this system, a homogeneous 
47 
Y2o3-9 mol%La2o3 sample was prepared by GTE Laboratories (Waltham, MA) 
in the following manner: 
a) sintered at 2150°C for 90 minutes 
b) cooled to room temperature 
. 
c) annealed at 1950°C for 6 hours to homogenize the sample. 
Wet chemistry analysis by the inductively coupled plasma (ICP) tech-
nique was performed to yield the concentrations of yttrium and 
lanthanum metal, and microprobe analyses on the bulk using the sample 
as its own standard confirmed the homogeneity of the sample within the 
limits of resolution of the instrument. K-factor measurements were 
performed on thin foils in both the TEM and STEM modes at 120 kV. 
A window approximately 1.2 times the full width half maximum of 
the lanthanum L peak (the element present in smaller amounts) was 
established and x-ray counting continued for each analysis point until 
~ 
100,000 counts were obtained within the window region. This was done 
to minimize any errors due to poor counting statistics yielding a 3a 
error of 1%. 
L L Intensities for the Y and La peaks were ratioed after perform-
ing a background subtraction and with the known concentrations of each 
element (Cy, c1a) in the foil as obtained from the wet chemistry 
analysis, the k-factor was determined according to the familiar 
Cliff-Lorimer relation: 
kyLa -
48 
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Errors for the k-factor were calculated by the student t analysis in 
; 
the 95% confidence limit. 
Precipitation Sequence Study - 9 mol% La2o3 Samples 
An experiment was designed to study the nature of the precipita-
tion process in the two phase cubic and hexagonal field. Nine mol 
percent samples were sintered* in the single phase cubic region at 
1950°C for 3 hours and were up quenched into the two phase field and 
held at 2100°C for the following times: 1 minute, 10 minutes, 30 
minutes, 300 minutes. The same procedure was followed for a second 
set of samples, only these were held at 2200°C for the same amounts of 
time. All treatments were followed by quenches to room temperature. 
Lase~ Raman Microprobe 
A pellet of pure Y2o3 powder was pressed and analyzed on the 
laser Raman microprobe. Analyses were performed with both the 4879.8 
A wavelength of the blue laser argon source and the 5145.5 A wave-· 
length of the green laser argon source, and scanning proceeded from 
~70 (100) to 1800 wave numbers with a scan speed of 5 x 10 cm/minute. 
*Nine mo1% samples courtesy of W. H. Rhodes, GTE Laboratories, 
Waltham, MA. 
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RESULTS AND DISCUSSION 
Powder Preparation 
The powder preparation procedure outlined in this work concen-
trated on obtaining sinterable, compositionally accurate, and inti-
mately mixed Y2o3/.La2o3 constituents. Many of the studies that have 
been performed on co-precipitation of rare earth oxides by the oxalate 
process have focussed on the effects·of precipitation temperature and · 
calcining temperature on the particle size, packing, and sintered 
density. Therefore, before the procedure outlined in the experimental 
section was chosen, three temperatures of precipitation were studied 
in order to detect any major effects on powder morphology and/or 
sintering characteristics. 
Precipitations were performed for 30/70 mol% La2o3/Y2o3 mixtures 
at 14°C, 25°C (room temperature) and 70°C and the precipitates were 
allowed to remain for 1 hour in the solution at temperature before 
filtration. All calcinations were conducted at 1000°C for one hour. 
Figure 11 shows high magnification SEM micrographs of the 
calcined powders for each of the precipitation temperatures. The soft 
agglomerates shown are comprised of smaller rod like powder aggregates 
approximately 3 to 4 microns in size for each of the samples. A BET 
analysis on the individual, deflocculated aggregates is required for 
more accurate particle size assessment. 
The powders were pressed at 12000 psi (83 MPa) and fired in a 
nitrogen atmosphere at 1750°C for 5~ hours. Figures 12, 13 and 14 
show low and high magnification SEM pictures of polished sections of 
each of the sintered pellets, etched with a 20% HCl solution. The 
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Figure 11. snt micrographs of calcined v2o3 - 30 moli. 
ta2o3 powder coprecipitated at a.) 14°C, b.) 2S°C, 
and C.) 70°C. 
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Figure 12. Low and high magnification.SEM micrographs of 
polished and acid etched surface of sample sintered 1750°C 
for 5.5 hours from powders precipitated at 14°C. 
53 
Fi~re 13. Low and high magnification SEM micrographs of 
.. 
polished and acid etched surface of sample sintered 
1750°C for 5.5 hours from powders precipitated at 25°C. 
54 
Figure 14. Low and high magnification SE~ micrographs 
~ .. 
of polished and acid etched surface of sample sintered 
1750°c for 5.5 hours from powders precipitated at 70°C. 
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topography of the samples results from the severe, preferential attack 
1*1 
by the acid solution on the two phase mixture present as these samples 
were sintered in the cubic (low La2o3 content) and monoclinic (high 
La2o3 content) phase field of the diagram. Grain sizes approximate to 
10 microns or more for the three samples. 
The green and sintered densities are displayed in Table 2. As 
can be seen, the precipitating temperature does ·not appear to affect 
the compactibility and fired densities. Results obtained by, Reetz et 
al. <34) show gradual increases in green densities and significant 
reductions in sintered densities (1700°C) with increasing precipita-
tion temperatures up to 80°C due to the increase in particle size with 
increasing temperature. They showed, however, that green densities 
only show significant changes for low calcination temperatures and 
change very little for calcination temperatures above 900°C while 
sintered densities remain independent of calcining temperature. 
Therefore, the crude method of green density measurement used in the 
present investigation may not have been precise enough to show the 
slight changes, if any, in the green density for powders calcined at 
1000°C or perhaps the coarsening effects of the higher calcining 
temperatures are sufficient to counter any benefits obtained from low 
precipitating temperatures. 
Although the precipitation temperature showed no major observable 
effects on powder siz·e, compactibili·ty, and sintered densities, the 
initial oxalate precursor, although not systematically studied, may 
have shown some gross dependencies. It may be, however, that these 
dependencies of the oxalate size on precipitating temperature become 
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Sample 
Sample 
Sample 
•· 
Table 2. Density Data for 30 mo1% La2o3/Y2o3 Mixtures Coprecipitated at Three Different Temreratures, Pressed, 
and Fired at 1750°C for 5~ Hours 
Co-precipitating Density (% theoretical) 
Temperature Green Sintered 
1 2s 0 c 39.7 99.8 
2 14°c 39.0 99.6 
3 10°c 39.68 99.8 
57 
... 
' 
lost during calcination due to the nature of the decomposition process 
r 
which is believed to involve an exothermic reaction of CO and o2 to 
form co2.<
56) CO2 gas which becomes entrapped within the powder can 
result in a breakdown of the powder when released. This powder 
cracking which is recognized by a popping or cracking noise during the 
calcination, was observed in this study and has been proposed by other 
investigators to aid in the increase of powder particle surface 
area. (40) It thus appears that although the temperature of precipita-
tion may determine the agglomerate size, the temperature of 
calcination is probably very critical in determining the final size of 
the individual particles. 
As no differences could be observed among the three samples with 
respect to sintered densityt the 14°C preparation was chosen merely 
~ 
because the lower temperature aids in bringing the constituents out of 
solution(57 ) helping to insure yields. The x-ray powder diffraction 
results of powders precipitated at 14°C and calcined one hour at 
1000°C are shown in Figure 15. The slight differences in the 
d-spacings for corresponding peaks in the observed data with the JCPDS 
standards of the C-type polymorph of Y2o3 indicate that the sample is 
+3 a solid solution of La2o3 in cubic Y2o3• The La ion (1.14A), being 
much larger than the y+3 ion (0.91A) results in an increase in the 
cell parameter. For the (400) peak shown, the lattice parameter can 
be obtained for pure Y2o3 as follows: 
a
0 
= 4(d400) = 4(2.652) = 10.604 
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Figure 15, Results of x-ray powder diffraction analysis 
on coprecipitated Y2o3 - La2o3 powders sho~ing the 
correlations to the cubic (C) crystal structure 
( 
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With 30 mo1% La2o3 in solid solution, d400 is determined by x-ray 
• 
diffraction to be 2.6854. Thus, the lattice parameter a becomes 4 x 
0 
2.6854 or 10.7416--approximately a 1.3% increase. 
Finally, three s~parate lots of powder, all precipitated at 14°C 
and calcined at 1000°C for one·hour were analyzed by the inductively 
coupled plasma (ICP) technique to assess the compositional accuracy of 
the constituents. Results are shown in Table 3. Lots one and two 
were only tested for La2o3 while lot 3 was tested for both Y2o3 and 
La2o3• The initial 30/70 mol ratio of La2o3 to Y2o3 for the dry mixed 
oxides is maintained after dissolution, coprecipitating, washing, 
I drying, and calcining back to the oxides. Thus, the oxalate 
coprecipitation procedure used in this work yields sinterable solid 
solution powders of precisety predetermined compositions. 
~ . 
Electron Microscopy 
k-Factor 
The k-factor for. the analytical electron microscopy study of the 
Y2o3-La2o3 system was experimentally measured on thin foils of nine 
mo1% La2o3/Y2o3 solid solution material. These samples, fabricated by 
GTE Laboratories (Waltham, MA) were chemically analyzed by the ICP 
technique to determine the concentrations of yttrium and lanthanum 
metal. The analyses revealed lanthanum concentrations of 11.63 weight 
percent and yttrium concentrations of 68.01 weight percent for a total 
of 9.87 mo!% La2o3• 
\ 
The b~lk specimen was tested for homogeneity on the electron 
microprobe (JEOL 733). Typical x-ray maps for the yttrium and the 
-lanthanum metal taken from various regions of the bulk show the 
60 
I 
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Tab.le 3. Analysis of Three Powder Lots· Prepared by the 
Oxalate Coprecipitation Method for 30 mol% La2o3/Y2o3 Mixtures 
(results obtained by the Inductively Coupled Plasma Technique) 
Lot Ill 
30.8 
"-· 
'i 
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Lot 112 
31.6 
__ ;, 
Lot 113 
30.45 
69.55 
distributions of the respect~ve elements (Figure 16). The darker 
circular areas present near the center of the micrographs is attribut-
• • 
ed to an artifact of the instrument rather than a feature of the 
sample as these appeared consistently in the same ·region of the 
picture regardless of the area of the sample from which the x-ray map 
was photographed. Approximately 60 probe analyses were performed on 
the bulk using the sample as its own standard and measuring oxygen by 
difference. Average values of the metal contents were determined as 
71.29 (±4%) weight percent yttrium and 11.10 (±.5%) weight percent 
lanthanum in close agreement with the wet chemistry analysis. 
K-factor measurements were performed in both the TEM and STEM 
m.odes on thin foils prepared from the bulk. Measured values obtained 
after dividing observed x-r~y intensity ratios of the two elements by 
.. 
their concentration ratio in the foil (as determined by wet chemistry) 
ranged from 0.54 to 0.58 for both the TEM and STEM modes. Values were 
then tested on the 9 mol% standard to determine which yielded composi-
tions closest to that of the ICP analysis, and that value was then 
employed. In this work, all chemical.analyses were performed in STEM 
mode using a k-factor of 0.54±2%. 
During the course of the k-factor determination, ·some inconsis-
tency was observed in the intensity ratios obtained which. resulted in 
erroneous k-factor measurements. X-ray counting was performed for 
each analysis point until a total of 100,000 counts were obtained in 
the smallest (La) peak, however, at times, wide variations of the 
Iy/I1a ratio occurred depending upon the thin f,oil and the area of 
analysis. , This may be a direct result of: a) :1absorption by the 
62 
Figure 16.) X-ray maps of 9 mo!% La2o3/Y2o3 standard used 
fork-factor determination. Light areas exhibit 
distributions of a.) yttrium and b,) lantha~m respectively. 
63 
I • 
• 
sample due to the breakdown of the thin film criterion; b) electron 
beam.damage to the foil, or c) contamination. Each of these possibil-
ities was investigated. 
For nine mo1% La2o3/Y2o3 samples, the. 10% thin film criterion 
0 
limit indicates a critical thickness of approximately 2000A beyond 
-
which a correction factor must be applied to the Cliff-Lorimer re-
lation to account for absorption of x-rays by the sample (Appendix 2). 
The low energy yttrium L X-rays are the ones most easily absorbed by 
the sample in the present case. In the isolated instances where the 
Iy/I1a ratio was found to be considerably different than the average, 
it was always less than and never greater than the average value 
indicating a yttrium deficiency. However, STEM analyses were always 
recorded on foil edges in tqin regions of the sample using a spot size 
... -
and condenser two aperture large enough to achieve a dead time of 20% 
or less, and thickness measurements obtained by convergent beam 
diffraction from some of the analysis areas revealed foil thicknesses 
below that of the critical limit. Therefore absorption by the sample 
was ruled out as a cause of the inconsistent intensity ratios. 
Electron beam damage to the foil was also studied. Some elements 
exhibit an instability under the electron beam as they become removed 
by the incident electrons. Lanthanum and yttrium are rather heavy 
elements, and are unlikely to be affected by the beam. However, in an 
L 
attempt to attain 100000 counts in the La peak the beam was held 
stationary on the same·· area for times that were as long as eighty 
minutes in some cases. In order to assess the sample stability as a 
functio~ of counting time, counts were collected in a series of 100 
I 
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second intervals from a thin portion of the foil and the intensity 
data of both the yttrium and lanthanum peaks were recorded after each 
~ 
interval. After 15 minutes (nine 100 second intervals), the ratioed 
intensities Iy/I1a were plotted against the amount of time the beam 
was held stationary on the sample. Figure 17 shows the results of 
this analysis. The straight line fit to the data with zero slope 
indicate that for counting times as long as 15 minutes, no sample 
degradation was detected. 
Carbon contamination buildup in the vicinity of the stationary 
beam during the long counting times may result in an absorption of 
x-rays, thereby causing the intensity inconsistencies. However, no 
contamination spots were observed 09 the thin foil after the analysis 
in most cases. Also, the results of the beam damage study should 
testify to the possible absorption by carbon cont~minants as the 
sample was subjected to potential contaminants for an extended period 
of time. Nevertheless, contamination of a different form has been 
determined to be the reason for the anomalies observed in some of the 
data collected. 
Silicon contamination was found to be present on some of the 
samples. At times, the amount of silicon was significant enough to 
result in a ring pattern superimposed on the selected area diffraction 
pattern obtained from a region of the foil on which the silicon lay. 
This contaminant appeared in the EDS display dur~ng microanalysis as 
well, but due to the relative energies of the peaks studied, its 
' 
detection wasn't always easily recognized. 
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Figure 17. Plot of the ratio of the yttriu~ to lanthanum 
intensities versus time of exposure to electron beam. 
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The silicon K peak lies at the lower energy end of the spectrum 
(1.84 keV), partially overlapping the yttrium L peak on its lower 
energy side. 
L 
By nature, the Y peak always exhibits a "tail" or a 
J 
region of raised background on its lower energy side which diminishes 
with decreasing energies from the main Y
1 peak. The silicon K peak 
can be confused as part of this tail region. However, in cases where 
contamination becomes significant or when extended count times are 
K L 
used, the overlap of the Si and Y peaks produces an extremely sharp 
L 
shoulder on the low energy side of the Y peak which raises the 
background much above normal. This, in conjunction with silicon's 
large mass absorption coefficient for Y
1 x-rays (µ/p = 3000) yiel·ds 
poor background fits of the data to the standard and erroneous inten-
sity ratios. 
Silicon contamination thus proves to be a serious threat to 
reliable quantitative STEM analyses in the Y2o3-La2o3 system and in 
other Y2o3 containing ceramics as w
ell since silicon is a common 
contaminant present in many powders as a consequence of the powder 
processing route. 
Ki 
The problem can be alleviated by utilizing the Y 
line in the quantitative analysis for which the silicon mass absorp-
tion coefficient is much lower c~11) or by determining and eliminating 
the cause of contamination in the sample. 
In the present investigation, silicon contamination was traced to 
the ion beam thinner which uses a silicon based pump oil that can 
vaporize and condense on the sample when the sample remains in the 
thinner too long after the beams shut off. Cold trapping and/or 
switching to a hydrocarbon based oil can avoid sample contamination. 
,, 
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Successful removal of the silicon can be performed by ion milling the 
sample a short period of time before immediately removing it from the 
thinner. 
Precipitation Sequence - Nine mo!% L4 03/Y2o3 Samples 
Previous work on precipitation and transformations involving the 
hexagonal polymorph in 9 mol% La2o3/Y2o3 samples focussed on attempts 
at quenching in the hexagonal second phase from sintering temperatures 
< 
in the two phase cubic and hexagonal field. An experiment was de-
signed to investigate the nature of the hexagonal phase precipitation 
process in the two phase field. The sintered 9 mo!% La2o3/Y2o3 speci-
mens used in this study were annealed in the cubic and hexagonal field 
for various amounts of time and quenched to room temperature. Results 
of the TEM:/AEM examinations follow. 
Figures 19 through 23 show microstructures obtained for samples 
annealed at 2100°C. In general, the 2100°C series is characterized 
predominantly by grain boundary precipitation as shown by the back-
scattered electron microprobe micrograph (Figure 18) for the sample 
annealed for 300 minutes. According to the phase diagram, nine mol% 
La2o3 samples annealed at 2100°C lie 
close to the cubic/cubic and 
hexagonal phase boundary, not very far into the two phase region. As 
a result, the driving force for homogenous nucleation in the grain is 
relatively weak and heterogeneous nucleation on the grain bo~ndary can 
be expected. It is this heterogeneous boundary nucleation that is 
most likely responsible for grain boundary pinning during the tran-
sient second phase sintering technique described earlier. 
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Figure 18. Backscatt7~ed electron micrograph of polished 
section of 9 ~l % La~3/Y2o3 sample ann~aled 300 min. at 
2100°C showing distributior. of the second phase. 
. - ( 
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After one minute at 2100°C, the precipitates are nucleated on the 
grain boundaries as regularly shaped La2o3 rich particles approximate-
ly 1 micron in size (Figure 19). Figure 20,· although not a typical 
micrograph for the sample ann~aled ten minutes at 2100°C, merits 
attention in that it exhibits strain contrast along the grain boundary 
indicating the initial stages of the precipitation process. For 
anneals longer than ten minutes, the grain boundary phase appears as 
elongated structures as evidenced by the dark field micrograph for the 
thirty minute heat treatment (Figure 21) and the micrographs for the 
sample annealed 300 minutes (Figures 22a-b). 
The second phase in the 300 minute sample exhibits a substructure 
of twins and has an overall facetted appearance. TEM studies per-
formed on the hexagonal and~monoclinic polymorphs of other rare earth 
• 
oxide systems yielded similar observations of twin structures. (Z7-z9) 
Strained interfaces can also be noted in the bright field photos of 
Figures 22 and 23 between both the facetted regions or sections within 
the second phase (22a) as well as between the second phase itself and 
the cubic matrix (22b). Previous results by GTE on samples quenched 
to room temperature after six hours at this temperature have shown 
that the hexagonal phase rapidly transforms to monoclinic symmetry in 
a manner accompanied by twinning and slip. Therefore, since the 
second phase in the sample annealed 300 minutes at 2100°C contains 
twins it is believed to be monoclinic. 
The sectioning of the second phase or its partitioned nature 
which yields its facetted appearance may be a direct result of the the 
hexagonal to monoclinic transformation. As mentioned previously in 
70 
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Figure 19 a,b. TE}l bright field micrographs of La2o3 rich 
' grain boundary precipitates in 9 mol % La2o3Jy2o3 samples 
.~ quenched after 1 min. at 2100°C. 
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Figure 20. TEM brightfield micrograph exhibiting 
grain boundary strain contrast indicating the initial 
stages of precipitation in a 9 mo!% La2o3 sample 
•
1
annealed 10 min. at 2I00°c. 
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Figure 20. TEM brightfield micrograph exhibiting 
grain boundary strain contrast indicating the initial 
stages of precipitation in a 9 mol% La2o3 sample 
annealed 10 min. at 2100°c. 
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Figure 21. Dark field micrograph of elongated grain 
~ 0 boundary precipitate for sample annealed 30 min. at 2100 C. 
. ' 
Figure 22a. Low magnification picture of elongated 
orecipitate showing strain and twin substructures after 
300 min. at 2100°c. 
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the discussion of the ferroelastic nature of the transition, the 
hexagonal cell can deform in several different ways to yield a vari
ety 
of monoclinic domains> the number of which depend upon the space 
groups of the two crystal structures involved and the growth of whic
h 
depend upon the strain condition of the interface. <
25 ) The sectional, 
facetted appearance of the second phase (see regions marked by arrows 
in Figure 22b) may actually be individual, differently oriented 
domains of the monoclinic polymorph. Convergent beam electron 
diffraction studies on these second phases are necessary to verify 
this. The twinned regions of the second phase most likely result fro
m 
the deformation involved in transforming from the hexagonal to the 
monoclinic phase. Caro(ZS) in his studies of Gd 2o3 , states that the 
deformation that transforms~the three {110} planes of the hexagonal 
• 
polytllorph to 2{313} and 1(020) planes of the monoclinic structure 
yields two reciprocal systems of twins. The system of twins labeled
 
type I involve twinning on a (313) plane together with a twin whose 
axis is [132]. The type II system consists of a (313) twin plane 
~ 
together with a twin whose axis is [132]. Again, convergent beam 
electron diffraction analysis will be required to determine similar
 
twin relationships in the Y2o3-La2o3 system if thes
e precipitates are 
actually monoclinic derivatives of the hexagonal phase. 
The micrograph of Figure 23 exhibits some fringe contrast in the 
second phase near the upper right corner of the picture. Series of 
fine, parallel lines also appear near the top of the second phase 
shown just to the right of center. The origin of these lines has not 
been investigated, however, Caro reports observing similar features 
in 
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B-type Gd2o3• These features exist as complex lattices of curves, or 
lines with a definite crystallographic orientation ([010], ]132]], 
[132] for mono~linic; <1010> for hexagonal), or even isolated 
hexagonal figures whose contours have the same orientation as the 
above mentioned. The fringes appear as a result of differences in 
film thickness due to surface irregularity and the surface irregular-
ity is a consequence of the stacking of tetrahedra in the monoclinic 
structure. The faces of the Lno4 tetrahedra which do not lie parallel 
to the film surface form th¢''·slopes between the cliffs a11d plateaus 
I 
'ij (28) 
which occur between adjacent layers of tetrahedra. 
Scanning transmission electron microscopy (STEM) microanalysis 
was performed on the precipitates shown in Figure 22b and the results 
shown in 22c. Typical nucleation and growth profiles exhibit a solute 
depletion zone adjacent to the interface which decreases with time to 
the equilibrium concentration. To observe the interface concentration 
microanalytically, the precipitate interface must extend through the 
thickness of the foil and it must be tilted parallel to the electron 
beam. The absence of the depletion zone indicates that either the 
system has reached equilibrium or that the facetted nature of the 
second phase is not yielding interfaces that extend through the foil. 
In this case, interaction of the matrix and precipitate with the 
~-
electron beam at the interface yields compositions that are a mixture 
of both phases rather than just the matrix itself, thereby overshadow-
ing any evidence of solute depletion in the matrix adjacent the 
interface. 
• 
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,The matrix exhibits concentrations of La2o3 in close agreement 
with the value depicted by the phase diagram.of figure l('v8-9 mo1% 
·~·.·: 
La2o3). However, the second phase has a La2o3 conte
nt as high as 38 
to 40 mol%, far in excess of that dictated by the phase diagram (2-23 
mo1% La2o3 at 2100°C). A similar analysis across the twi
nned second 
phase of Figure 23 shows the same results--the equilibrium matrix 
concentration with a 40 mo!% La2o3 precipitate concentration. Rea
sons 
for this discrepancy will be discussed later. 
Microprobe analyses were performed on random portions of the 
second phase in the sample annealed for 300 minutes at 2100°C (Figure 
18). Table4 shows some of the probe results obtained. Except for the 
matrix phase which shows excellent agreement with TEM observations and 
phase diagram predictions, the concentrations calculated may not 
necessarily be precise since the size of the second phase usually lies 
below the resolution limits of the instrument. Nevertheless, some of 
the second phase areas sampled yielded La2o3 concentrations as high as
 
37 to 38 mol% La2o3• GTE(Sl) also reports similar fi
ndings of La2o3 
contents far in excess of phase diagram predictions in some of the 
second phase studies they are performing. 
The samples annealed at 2200°C, further into the two phase field, 
exhibit precipitation within the grain as well as on the grain bound-
aries. The backscattered electron micrograph of the sample annealed 
300 minutes at 2200°C shows the distribution of the second phase 
(Figure 24). 
Figure 25 shows typical microstructures for a 1 minute anneal. 
These precipitates lie within the grain, but appear to form 
ij 1, I I . 
', 
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Table 4. Micro;erobe Analysis Results on 9 mo!% La2o~/Y2o3 Samples Annealed 300 Minutes at 2100°C in the Twohase 
Cubic and Hexagonal Field and Quenched to Room Temperature 
mo!% La2o3 
9.9±1.08 
10.6±1.12 
9.8±1.06 
14.59±1.623 
19.73±2.02 
25.70±2.59 
36.97±3.61 
16.45±1.75 
12.37±1.34 
14.02±1.51 
12.21±1.35 
31.79±4.26 
16.29±1.69 
12.977±1.33 
•, ) 
I' 
' 
' 1,; . 
I 
' 
mo1% Y2o3 
90.10 
89.39 
85.41 
80.27 
74.30 
63.03 
83.55 
87.63 
85.98 
87.79 
68.21 
83.71 
87.03 
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Location 
matrix 
matrix 
matrix 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
·grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
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Figure 24, Backscattered electron micrograph of polished 
section from 9 mol 7. La2o3/Y2o3 sample annealed 300 min. 
at 2200°C showing distribution of the second phase. 
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heterogeneously~on dislocations as can be seen in the micrographs. 
Coherency strain is also evident. The bright field picture of Figure 
26 was also taken from the sample annealed for one minute at 2200°C. 
The associated diffraction pattern obtained from the untwinned region 
--of the second phase indexes as a [211] zone of the hexagonal system 
(Figure 26b). Thus, this heat treatment appears to have successfully 
quenched in the hexagonal phase. 
Quenches after 10 minutes and longer result in the twinned 
structures of Figures 27 through. 29. The 10 minute anneal shows a 
rod-like morphology with a twin substructure. The sample annealed for 
30 minutes at 2200°C exhibited precipitates of two different 
morphologies, one of which is shown in Figures 28a,b. Figure 28a 
exhibits the bright field picture of a precipitate within the cubic 
matrix as determined by electron diffraction analysis. The second 
phase is facetted with a ribbed substructure and coherency strains are 
also evident. The other type of morphology found in,much greater 
numbers in the 30 minute sample is the long lath or elongated rod 
shapes shown in the three different precipitates of Figures 28c-e. 
The twins within the phase and the strained interfaces separating 
• 
precipitate and matrix are clearly evident. 
One reason for the dual morphology after 30 minutes at 2200°C may 
\· 
be that the precipitation process involves a two-step sequence: a 
heterogeneous nucleation of precipitates on dislocations in the early 
stages which coarsen by.the time the second homogeneously nucleated 
precipitates form away from the dislocations at longer times. This 
argument was used by Busovne, Kotchick and Tressler(SS) in their 
81 
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Figure 25. TEM rnicrographs of second phases found in 
9 rnol% La2o3/Y2o3 samples annealed 1 rnin •. at 2200°c. 
82 
Figure 26a. Bright field micrograph of se~ond phase in 
9 mol % La 2o3/Y2o3 sample annealed 1 min. at 2200°C. 
83 
.. 
() 
[211] HEXAGpNAL 
,, 
i 
... 
- -102 
- -1 1 1 
-
120 
---
0 1 :_1 ,,..,....-----1 
____.____....- T 
0 11 
-12 0 
-1 1 1 
102 
.,. Figure 26b. · The corresponding diffraction pattern of the 
untwinned area in 26a showing hexagonal symmetry. 
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Figure 27. TEM bright field of rod-like second phase 
0 
exhibiting twin structures found after 10 min. at 2200 C. 
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Figure 28a, o. B'rt.gh_t field ·micrographs of se~ond phase 
of one type of morphology found in 9 mo1% La2o3 samples 
samples annealed 30 min. at 2200°c. 
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Figure 28c,d,e. Bright field micrographs of second phase 
with rod or lath-like morphologies more typical of a 9 
0 mo!% La 2o3 sample annealed 30 min. at 2200 C. Note the 
strain contrast at the precipitate/matrix interface(d,e) 
and the overall twinned structure. 
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+4 explanations of bimodal distributions of Ti rich precipitates in 
Ti02 doped sapphire. Another possibility for the observed 
morphologies may be that at 2200°C, the kinetics of the precipitation 
sequence are so rapid that after 30 minutes, the equilibrium volume 
fraction of second phase is rapidly being approached. The small, 
randomly dispersed second phases shown after one minute may have begun 
to coarsen by 30 minutes so as to develop the long, rod like 
morphologies. As·a result, the small particles in Figure 28a could 
actually be a result of the Ostwald ripening phenomenon. Dissolution 
' profiles of these second phases will help determine this! however, the 
facetted nature of the second phase will make accurate interface 
concentrations difficult to detect. 
For 300 minutes at 2200°C, the microstructure consists almost 
exclusively of the long, rod like second phases. Most of the second 
phases of the 2200°C/300minute samples nucleate within the grain and 
show a preferred growth direction and orientation relationship with 
the cubic matrix. 
Figure 29 shows the various precipitates observed for the 
2200°C/300 minute sample. The STEM profile (Figure 29d) across the 
precipitate of Figure 29c shows a La2o3 matrix concentration in 
agreement with phase diagram predictions (~6-7 mo1% La2o3) while the 
second phase exhibits La2o3 contents near 25 to 26 mol% La2o3 • Again, 
the second phase La2o3 concentration exceeds phase diagram predictions 
.. ("'19 mol% La2o3 at 2200°C). Analyses on other precip.itates such as 
those shown in· Figure 30a yielded s,~milar results (30b). Microprobe 
analyses on regions of the second phases shown in Figure 24 confirmed 
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Figure 29a,b,c, Typical microstructures obtained after 
0 ·-·, 
300 min. at 2200 C.showing elongated, rod or lath-like 
I, 
morphologies. 
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300 min. at 2200°C. b.) The microanalysis across two of the 
second phases, showing the variation of La2oj content 
between precipitate and matrix. 
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Table ·s. Micro robe Anal sis Results of 9 mol% La O /Y 0 
Samples Annealed 300 minutes at 2200°C in the Two base 
Cubic and Hexagonal Field and Quenched to Room Temperature 
%La2o3 
17.10±1.78 
28.20±2.69 
11.04±1.19 
8.90±0.95 
8.47±0.90 
8.48±0.904 
8.33±0.87 
12.42±1.32 
8.54± .93 
12.69±1.38 
12.47±1.36 
16.06±1.65 
22.59±2.22 
29.89±2.92 
14.66±1.59 
13.87±1.504 
23.12±2.29 
23.19±2.30 
8.94±0.95 
I 
i 
I I 
%Y203 
82.90 
71.80 
88.96 
91.10 
91.53 
91.52 
91.66 
87.58 
91.46 
87.30 
87.53 
83.94 
77.41 
70.10 
85.34 
86.13 
76.88 
76.81 
91.06 
94 
Location 
grain boundary phase 
grain boundary phase 
grain boundary phase 
matrix 
matrix 
matrix 
matrix 
triple point phase 
matrix 
triple point phase 
grain boundary phase 
grain boundary phase 
. grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
grain boundary phase 
matrix 
' 
the presence of second phasela2o3 concentration as high as 28-29 mo!% 
La2o3 (Table 5). All the needle-like precipitates showed composition 
invariance along the precipitate as evidenced by the STEM analysis of 
Figure 30c. 
As mentioned, the second phase concentrations of the samples 
annealed 300 minutes exceed the limits defined by the hexagonal/cubic 
and hexagonal solvus boundary while matrix concentrations agreed very 
well with phase diagram predictions. All analyses were taken in 
precipitates lying on the_ edge of the foil and thickness estimations 
t-"" ••• 
by the convergent beam diffraction technique on m3st of the samples 
revealed that the thin film criterion was~:~. Microprobe analyses 
on both samples testify to the existence of La2o3 concentrations in 
the second phase in excess of the phase diagram boundaries. 
An interesting explanation for these anomalies which requires 
further investigation is the effect of coherency strain on the equi-
librium composition values obtained in the phase diagram. As men-
tioned, the interfaces separating precipitate and matrix exhibit 
strain contrast and facetting, indicating attempted lattice matching 
across the boundary. Models have been proposed to qualify the effects 
of including coherency strain and elastic energy terms in the deter-
mination of phase equilibria for two phases coexisting coherently. 
. (60) (61 61) Recent models by Williams and Cahn and Larche ' on phase 
equilibrium in systems exhibiting coherency of the second phase w~th 
the matrix have proven the9retically that the inclusion of elastic and 
. 
interfacial energies in the determination of phase equilibria often 
invalidates the phase rule. Williams has shown in his study of the 
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Cu-Au system that interfacial energy directly restricts the minimum 
volume fractions which can exist in the coherent mixture. The common 
tangent construction to the classical free energy curves which are 
usually based in the volume free energy, designate the equilibrium 
compositions of the phases present at the points where the common 
tangent touches the minima of the two energy curves. However, with 
inclusion of coherency and interfacial energies, the tangent touches 
the free energy curves at more restricted compositions such that the 
free energy of the coherent system is a minimum (Figure 31). Interfa-
cial energy, not dependent upon relative volume fractions of the two 
phases, raises the total energy reducing the limits between which the 
coherent mixture, can exist. Relative volume fractions of the two 
phases becomes restricted, decreasing the width of the two phase 
field. 
Williams' work begins to explain why the existence of metastable 
coherent structures of stable phases alter limits of the field bound-
I 
aries in the phase diagram which is usually determined for the more 
stable incoherent second phases. Cahn and Larche propose a model for 
the invalidation of.the phase rule due to coherency. They define 
incoherent equilibrium as a state where each phase experiences the 
same hydrostatic pressure and in which the chemical potentials for 
each component are constant. The free energy remains invariant to 
transfers of atoms from one phase to another as each of the same 
phases form separate crystals which do not interact elastically with ~ 
, 
the other phases. 
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Coherent equilibrium refers to equilibrium subjected to a con-
_straint which does not permit discontinuiti~s along the interface. 
Coherent coexistence of the two phases with different stress free 
!attic~ parameters yields internal stresses which depend upon the size 
and shape of the second phase particles. Transfer of atoms from one 
phase to another changes the stress fields in a way that the coherent 
compositions differ from incoherent compositions in a manner that 
reduces the elastic energy. This elastic energy can be reduced by a 
change in composition to reduce the mismatch between phases or by a 
reduction of the volume fraction of the second phase, which again 
requires individual phase composition adjustment~ Both of these 
however yield increases in total free energy of the individual phases, 
thus showing why the coherent equilibrium case is a metastable form of 
a stable phase. 
Coherent phase diagrams differ both qualitatively and quantita-
tively from incoherent diagrams. The classical phase equilibrium 
determination by the common tangent construction to the minima of two 
free energy curves for mixtures of phases whose free energy equal the 
sums of the free energies·of individual phases becomes invalid with 
the addition of an elastic term due to coherency. Addition of the 
elastic term to the free _energy curve yields a new free energy curve 
which can be used with a common tangent construction to determine· 
coherent equilibria. The poiµts of equilibria define critical points 
where elastic energy can be reduced by narrowing the composition 
difference and therefore the lattice parameter dif(erence which 
,. 
results- in a coh.erent miscibil.ity gap within the incoherent 'one. 
JI. .. 
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Cahn and Larche define a parameter A to represent t
he effects of 
coherency induced elastic energy. It is proportion
al to the ratio of 
the linear mismatch between phases (t) and the differenc
e between 
equilibrium compositions of the incoherent phase di
agram field bounda-
e e 
ry (c8-ca) i.e. A relates the coherenc
y energy to the differences 
between the energy of a single phase and that of th
e same system after 
.. 
it forms ·an equilibrium incoherent mixture of phase
s. 
A= 
4VEt2 
(1-v)F(C -; >! 
where V = molar volume, 
E = Young's modulus 
v = Poisson's ratio 
The parameter A is large for large mismatch {t) or sma
ll differ-
ences between equilibrium compositions in the incoh
erent diagram. The 
diagram of Figure 32 shows the relationship between t
his energy 
parameter A and the reduced composition w (=l-2(c-c;)/(C:-c:) where C 
= constant overall composition equal to ZCa+(l-2)c8 , and Z is the 
mol 
fraction of a phase). For A>4, only single phase occurs howev
er. for 
any A<4, two phases can coexist coherently over a ra
nge of alloy 
'• 
compositions. This range is enclosed by the incohe
rent composition 
boundaries defined where w=±l. The compositions of
 the coherently 
coexis·ting phases may lie· outside the defined boun
daries of the 
incoherent diagram (A=O) (Figure 33). These tie lines shift with
 A 
¥ 
until in the limit, A=O and the compositions of th~
 coexisting phases 
correspond to those depicted by the field boundarie
s of the two phase 
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• 1S 
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The A scale is indicated. 1ne T line 
0 
and incoherent field boundaries are along 
the w=O, 1,-1 curves respectively. Tiie 
William's point occurs at p, and predictions 
for coherent equilibrium for three differ-
ent alloys are given. 
Alloy A: 
Alloy B: 
Alloy C: 
transfoms at q and shows no two~ 
phase coexistence 
shows two phase coexistence in the 
temperature range a~b marking the 
field boundaries. Measurem-ent of 
the compositions of the 
coexisting phases in this alloy 
would give tie lines.like c-d 
whose locus of endpoints give tie 
end curves ace and fdb,· 
would provide points hg on the 
diagram field boundary but,would 
give tie end curves gi and hj. 
61 (After Cahn and Larche ·· ) 
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region determined_ for the incoherent case,. The shifting of tie lines 
with coherency ene~gy invalidates the phase rule. In the regions of 
two phase coexistence below the Williams point (i.e. the point at 
which the two phase region disappears and the single phase begins), 
there is one more degree of freedom than the phase rule allows due to 
the constraining effects of coherency. (Standard derivations of the 
phase rule assume equal, constant pressures in all coexisting phases.) 
Away from this point, the two phases can be.different elastically, and 
compositions depend on whether the softer phase is the matrix or minor 
phase. 
Thus, the theorem that ends of tie lines lie on field boundaries 
of the phase diagram and are thus independent of volume fraction do 
not apply for coherent equilibria. The entire concept of coherent 
equilibria derives from the minimization of elastic energy. Reducing 
the volume fraction of the second phase reduces elastic energy which 
can be facilitated by shifting the phase compositions. The amount of 
shift depends upon the balance between elastic and chemical energy. 
' 
The coherent equilibrium phenomenon then imposes some serious 
implications on the accuracy of present phase diagram determinations. 
The field boundary limits obtained by equilibrating a series of binary 
alloy samples of differing compositions and observing the phases 
~ 
' present should be identical with tie compositions determined from 
individual phases of samples exhibiting two phase coexistence. For 
two phases in coherent equilibrium, however., the _e?Cperimental field 
. 
. 
determination will provide a coherent 'field'diagram, but because the 
composition of the individual phases· in the two phase region d.epends I 
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upon their volume fractions, the individual compositions will differ 
with the initial concentrations for the same temperature in the same 
two phase field. 
Coherent equilibrium may explain why 'the compositions of the 
second phase determined in this study are in excess of phase diagram 
predictions, but it doesn't account for the matrix being in agreement 
with the diagram concentrations. A series of experiments must be 
performed to assess the validity of the proposed effects of coherency 
strain on two phase equilibrium in the Y2o3/ta2o3 system. One 
such 
test will be to anneal in the two phase region for various times to 
attain a series of precipitates of varied degrees of coherency and to 
evaluate the change in composition as a function of the degree of 
coherency. Rhodes' experiments with second phase development in 
samples which were sintered in the two phase field and quenched to 
room temperature revealed second phases in the form of large incoher-
ent abnormal grains. Microprobe analyses on these second phases 
(63) 
showed excellent agreement with phase diagram predictions. 
Thirty mol percent La2o3/Y2o3 samples 
Pressed pellets of thirty mol percent La2o3/Y2o3 powders were 
prepared by the oxalate coprecipitation technique, sintered at 2025°C 
in the single (hexagonal) phase region, and quenched to room tempera-
ture. The bulk of the sample was ground for x-ray powder diffraction 
analyses and thin foils made for electron diffraction and STEM analy-
sis. 
X-ray results for the bulk sample fo~ scans between 15 and 65° 
are shown'in Figure 34. The associated table of d-spacings for the 
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' 15.00 29.08 25.ea 3e.ea JS.co 4'8.00 
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419. 00 45.09 50.00 55.00 68.00 6S.OO 
15° TO 65° X-RAY SCAN 30 MOL% La203 SAMPLE 
,-THETA WIDTH CCXJNTS D I (DEG) (APPROX) PEAK BKGNO (AHG) (NORM> 
26.18 0.33 14. 26. 3.4045 11.96 
28.06 0.62· 56. 25.· . 3.1799 49.13 
29.37 0.88 114. 25; · 3.0410 100.00 
30.95 0.33 110. 24. 2.8897 96.30 
31.5S 0.29 89. 24. 2.8356 77.18 
32.45 0.31 90. 23. 2.7594 78.83 
38.52 0.50 53. 23. 2.3371 46.55 
40.60 . 0.58 30. 25. 2.2218 26.42 
42.15 0.37 94. 26. 2.1438 82.18 
47.21 0.36. . 92. 24 . · t.9~v0 - 80.S0 
47.44 .0.30 67. 25. 1.9164 58.73 
50.74 0.32 ~9. 25. 1.7994 51.79 
51.37 8.50 · 59. 25. · 1. 77Pb 51.79 
53.19 0.56 - 69: 25. 1.7220 68.17 
54.49 0.43 96. 25. 1.6839 83.89 
55.38 0.54 77. 24. 1:6591" 67.64 
58.51 0.40 37. ·24. . 1.5776 :32.50 
59.98 0.57 94. 23. 1.5423 82.18 
60.82 · 0.38 50. · 23. 1.~230 44.03 
61.70 8.50 58. 23. 1.:eJ.4 S0.4:S 
Figure 34. Results of x-ray powder diffraction ana~ysis. 
on 30 mol % ta2o3/Y2o3 sample quen·ched from 2025,0 c·, 
exhibiting the crystalline peaks between 15° and 65° 
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. Sample 
3.4045 
3.1799 
3.0410 
2.8897 
2.8356 
2.7594 
2. 3371 
2.2218 
·-
2.1438 
1.9250 
1.9164 
1.7994 
1.7786 
1.7220 
1.6839 
1.6591 
I 
.... 
Table 6 - X-ra Diffraction Data Com arisen for 
30 mol % of La2o3 Y2o3 Sample Quenched from ,the Single Phase Hexagonal Field. 
I/I Monoclinic I/I Hexagonal 
0 0 
12 3.396 10 3.30\ 
49 3.155 70 
100 3.028 60 3.04 
96 2.961 100 2.89 
77 2.820 75 
78 2.752 75 
47 2.308 C)_- 10 
26 2.258 6 2.235 
82 2.131 45 
80 1.915 40 
59 1.915 40 1.905 
52 1.794 25 
52 
60 1.700 30 1.725 
84 1.665 20 
68 1.651 30 
• 
•• 
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I/I 
0 
20 
100 
100 
20 
15 
20 
Hexagonal and monoclinic phases are shown in comparison to observed 
results in Table 6. The monoclinic values are those obtained from 
B-type Gd2o3, a stable form of Gd2o3 because monoclinic Y2o3 only 
exists under high pressure atmospheres. The measured parameters for 
the high pressure form of monoclinic Y2o3 agree reasonably well with 
those of B-Gd2o3 as do the majority of other rare earth oxide 
monoclinic structures. 
The observed d-spacings for the sample match extremely well with 
respect to both relative intensities and interplanar spacings with 
those of the hexagonal phase, and many of the monoclinic peaks corre-
spond closely to the observed data as well. To verify the crystal 
structure, a lower angle scan (2 to 15°) was performed. The 
monoclinic form of Y2o3 exhibits peaks near 6° that do not occur for 
the hexagonal phase. The results of this scan, which was performed 
with the lowest available scan rate (0.5°/min) are shown in Figure 35. 
As can be seen, no crystalline low angle peaks are present and there-
fore the structure of the·bulk was concluded to be hexagonal. 
However, electron diffraction patterns obtained from twinned 
regions and areas exhibiting dislocations yield patterns that can be 
indexed in the monoclinic system. The diffraction pattern of Figure 
36a taken from the twinned region shown in Figure 36b exhibits two 
.. 
superimposed [130] monoclinic patterns. STEM microanalysis across the 
bands reveals a cqnstant 30 mol percent La2o3 concentration (Figure 
36c). The monoclinic symmetry as determined by electron diffraction 
and the composition invariance across the individual strips indicate 
the strips are actually twin bands which result from the displacive 
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Figure 35. Results of x-ray powder diffraction analysis 
. 
on 30 mo1 % La2o3/Y2o3 samples quenches from 2025°C showing 
no crystalline peaks below 15°C • 
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Figure 36a. Selected area diffraction pattern from region 
shown in 36b, exhibitihg two superimposed [i30] 
orientations of the monoclinic phase. 
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Figure 36b. Bright field micrograph of twinned or banded } 
region obtained in a 30 mo!% La2o3 sample quenched from the 
single phase hexagonal phase field. 
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Figure 36c. Microanalysis across banded region of 36b 
showing compositional invariance. 
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tr~nsformation of this hexagonal phase grain to the monoclinic 
polymorp.h • 
.. 
However, the monoclinic phase has been found to form as alternate 
bands within the hexagonal matrix and within cubic matrices as well. 
In situ fast quench TEM studies of Nd2o3 by Caro et al. <
2B) revealed 
that upon rapidly cooling the hexagonal phase, alternate bands of 
monoclinic symmetry form within the hexagonal matrix, maintaining a 
definite epitaxial relationship with the hexagonal phase. Composition 
invariance was observed between the two phases as well, testifying to 
the martensitic or displacive transformation of the hexagonal phase to 
the monoclinic polymorph. GTE reports a banded structure in 16 mol 
percent La2o3 samples which were sintered at 2150°C cooled, and 
annealed 6 hours at 1950°C. ~ However in this case, the monoclinic 
~ 
strips form within the cubic matrix and differ in composition from 
their cubic phase counterparts for the structure shown in Figure 37. 
The observed microstructure of Figure 36b and the monoclinic symmetry 
testify to the possible displacive nature of the hexagonal to 
monoclinic phase transition. Center dark field analyses on the high 
and low intensity spots as well as convergent beam electron 
diffraction on the individual bands could verify the po·ssibility of 
two phase coexistence. 
Figure 38a exhibits another region of the same sample containing 
a dislocation network from which the [001] monoclinic sele,cted area 
diffraction pattern of Figure 38b was obtained. The dark field 
micrograph shown, taken with the aperture around the (600) reflection 
· , .. / cl.early show the dislocations (Figure 38c). Although the entire 
110 
Figure 37. Banded structure obtained in 16 mol % ta203/ 
Y2o3 samples studied by GTE Laboratories. 
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Figure 38a. Bright field micrograph of region of 30 
mo!% La2o3 sample quenched from 2025°c 
showing dislocations. 
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Selected area diffraction pattern .from 
of 30 moli. La2o3 sample shown in 38
a. 
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region 
Entire 
pattern can be indexed as [001] monoclinic. 
The high intensity reflections conform to the 
hexagonal _system as well. 
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Figure 38c. Center dark field micrograph taken with 
the (pOO) monoclinic reflection showing 
the dislocation network. 
114 
\ 
pattern indexes as [001] monoclinic, the high intensity spots in the 
pattern can also be indexed as a [121] zone of the hexagonal system. 
To verify the correctness of the zone axis determinations, convergent 
,. 
beam electron diffraction was employed. Figure 39 shows a Kosse! 
pattern from the region of 38a. Comparison of higher order Laue zone 
(HOLZ) spacings (H) as determined by measurement of HOLZ ring radi~ in 
Kosse! patterns with calculated values of the reciprocal lattice layer 
spacings along the zone axis direction in the crystal determine the 
correctness of the indexed pattern. For a particular zone axis in a 
particular crystal system, the two values should agree or differ by an 
integral multiple as a result of systematic absences in the crystal 
structure. (64) Results of this analysis {Table 7) yielded the follow-
• ing:. 
" ... 
Hmonoclinic [001] = 0.1142 
~exagonal [121] - 0.1114
 
H - 0.1043 
measured 
Thus, the same ambiguities arise in the indexing of the diffraction 
patterns possibly as a direct result of the similarity between the two 
crystal systems. As the monoclinic form can be derived from the 
hexagonal structure by slight deformations of tha tetrahedral layered 
·' 
D 
\. • I 
structure in a displacive manner, it may be expected that certain 
crystallographic directions within the two systems are very similar as ~ 
as to yield such ambiguities. The hexagonal system cannot account for 
the lower intensity spots while the monoclinic system can account for 
all. Either the systematic variation in spot intensity occurs due to 
a structure factor effect for the monoclinic system, or the high 
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Table 7 - Comparison of Reciprocal Lattice Layer Spacing H: 
H [001] 
monoclinic = 0.1142 
H.. (121] 
-:nexagonal - 0.1114 
H 0.1043 measure 
Figure 39. Convergent beam electron diffraction Kosse! 
t,·attern obtained from the region shown in· 38a and used to 
. . 
verify zone axis deterr.iined in the diffraction pattern 
of Figure 38b. 
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intensity reflections are actually superimposed hexagonal and · 
monoclinic reflections. Center dark field analysis on the low inten-
sity reflections is required to verify this possible two phase exis-
tence. Since the d-spacings of the polymorphs in the rare earth 
oxides are· somewhat of a large magnitude for these zone axes, there is 
a possibility that the presence of the lower intensity spots in the 
hexagonal structure may arise from the extension of FOLZ reciprocal 
lattice points into the ZOLZ due to the thinness of the crystal. 
However, calculations and foil thickness experimentation are necessary 
to prove this. 
Raman Spectroscopy Analysis of Pure Y2o3 Sample 
Figure 40 shows two Raman spectra obtained from a pressed pellet 
Inte~sity is plotted on the ordinate and 
~ 
frequency on the abscissa. The first spectrum was obtained with the 
green light of an Argon ion laser (wavelength=514.5 nm) while the 
second was obtained with the blue light of an Argon ion laser (wave-
length=488 nm). The peaks which are labeled designate the peaks which 
-1 
are common to both spectra and the strong lines near 380-390 cm 
characterize the cubic polymorphs of Y2o3• The remaining lines not 
common to both spectra can arise from either of two phenomena: 
1) differences in sample orientation with respect to the beam 
which has been demonstrated to give rise to pola~ization effects as 
peaks appear for some sample orientations rather than others, or 
2) fluorescence phenomena, which depends on the source excitation 
frequency. 
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Figure 40'. Raman spectra of the cubic polymorph of 
Y2o3 for two different laser ex~itations. 
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White and Keramidas(GS) report that sharp line fluorescence 
presents a problem.in analyzirigrare earth oxides by the Raman tech-
nique. For the green laser, fluorescence peaks arise in the range of 
wave numbers of interest for the polymorphs of the rare earth oxides 
(~1000 cm-l or less) and can be reduced or eliminated from this range 
by switching to the blue laser. Results show that some peaks are 
common to both at wave numbers near 1200 and above. However, these 
may still be a result of fluorescence since these numbers approach the 
high energy region where electronic transitions become more common • 
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CONCLUSIONS 
1. Based on the limited investigations performed in this work on 
powder preparation by the oxalate co-precipitation technique, no major 
( 
effects of precipitating temperature on compactibility and 
sinterability of the final mixed La2o3/Y2o3 constituents was evident 
for powders precipitated at 14°C, 25°C, and 70°C and calcined at 
1000°C. Any benefits derived from low precipitating temperatures in 
regards to high surface area powders conducive for sinterability may 
be lost due to coarsening effects which may occur during the high 
temperature (1000°C) calcination. Similarly, low surface area oxalate 
precipitates usually obtained at high precipitating temperatures can 
break down during calcinations as a result of co2 cracking thereby 
raising the surface area of the calcined powder. 
2. Measurement of the k-factor on the Philips 400T for the 
Y2o3/La2o3 system using the L-lines of yttrium a
nd lanthanum yielded a 
value of k=0.54±2%. 
3. Silicon contamination from silicon based pump oils deposited 
during the time the thin foil sits idly in the thinner after the beams 
shut off has detrimental effects for chemical microanalyses utilizing 
,r 
the yttrium L-line. 
K · L 
The partial overlap of the Si peak with the Y 
peak and the large mass absorption coefficient of silicon for yttrium 
L x-rays ('\J3200) causes silicon artifacts in the EDS spectrum, poor 
background fits, absorption of yttrium x-rays, and grossly erroneous 
intensity data. The problem can be overcome by ion beam cleaning the 
specimen prior to immediate removal from the thinner and/or by using 
K . 
another family of yttrium x-ray lines away from the Si peak and for 
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which t!{e mass absorption coefficient of silicon is not as critical 
. K y 
(Y ' l Si= 11) , 
p 
4. Nine mol percent La2o3/Y2o3 samples annealed for various 
amounts of time at 2100°C just inside the cubic/cubic and hexagonal 
solvus of the two phase field and quenched exhibit predominantly grain 
boundary precipitation. Small second phase precipitates approximately 
1 µmin size form on the grain boundary within the first 10 minutes 
while for annealing times of 30 minutes and longer, the microstructure 
is characterized by grain boundary phases believed to be of monoclinic 
symmetry, containing a substructure of twins, and possessing an 
overall strained, facetted appearance. The facetted appearance of 
these second phases may be a direct result of the displacive nature of 
the hexagonal to monoclinic transformation as various orientations of 
monoclinic domains arise due to the deformation of the hexa~qnal cell • ..,_.,. 
The 2200°C ser:f.es exhibits both intergranular and intragranular 
precipitation, showing small second phase dispersions on dislocations 
after 1 minute and long, lathlike precipitates for long time anneals 
(300 minutes). Other types of morphologies were noted on occasion 
especially for samples annealed 30 minuees or less at either tempera-
ture, however, further inv~stigation is required to determine if these 
I 
are actually a second type of precipitate or just a consequence of the 
coarsening phenomena after 30 minutes at temperature. 
5. Chemical microa~alysis on the two samples annealed at 2100°C 
and at 2200°C for 300 minutes revealed equilibrium~matrix concen-
trations with second phase concentrations far in excess of that 
predicted by the cubic/cubic and hexagonal solvus boundary of the 
121 
phase diagram. Microprobe analyses on the bulk samples confirm STEM 
results for the matrix and do show regions of second phase where the 
La2o3 concentration exceeds phase diag
ram predictions even though the 
resolution capabilities of the instrument exceed typical sizes of the 
second phase. Either the location of the cubic/cubic and hexagonal 
solvus boundary is in error or the strained condition of the second 
phase as a result of coherency may be causing the concentration 
anomalies due to the precipitate being in a state of coherent equilib-
• r1um. 
6. X-ray powder diffraction analysis of 30 mol% La2o3 samples 
quenched from the single phase hexagonal field show retention of the 
hexagonal phase, however, selected area diffraction patterns obtained 
from compositionally invariant twinned areas and areas showing dislo-
cation networks reveal patterns of monoclinic symmetry. The banded 
structures may be twins resulting from the h~xagonal to monoclinic 
transition or perhaps a mixture of both phases where the monoclinic 
· bands form epitaxially in the hexagonal phase in a displacive manner. 
Present results do indicate that the monoclinic phase obtains from the 
hexagonal polymorph by a diffusionless mechanism involving twinning 
and slip. 
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APPENDIX I 
Sintered Density Determination by AtchimedeS Principle 
The Archimedes method involves analyses of the relative weights 
of the sample when measured in air and when immersed in a liquid 
' -
medium. ~ portion of the sample is weighed suspended in air to obtain 
;) 
a value for the suspended weight of sample and wire in air (WA). The 
sample is submerged in a liquid medium and pumped in a vacuum to 
remove all air from within the sample and impregnate it with the 
liquid medium. It is theh weighed suspended in the medium to deter-
mine the weight of both suspended wire and sample in the liquid (WL). 
Finally, the moist weight of the impregnated specimen measured unsus-
pended (WM) is obtained. 
equation. 
density (p) = 
The density is then calculated by the 
\ 
;:. 
... 
constant (WM-WW) 
(WL-WW) - (WA-WW) 
where WW represents the wire weight, the constant the density of the 
liquid medium (0.8669 g/cc for toulene used in this work) and the 
other~terms are defined above. 
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APPENDIX II 
Critical Thickness Determinations for Absorption 
of X-rays by the Thin Foil 
For the Y2o3-La2o3 system, absorption of the yttrium Land the 
lanthanum L x-rays by yttrium, lanthanum and oxygen must be con-
sidered. The correction factor to the intensity ratios in the 
Cliff-Lorimer equation exp(-D), is a function of specimen density (P), 
thickness (t), x-ray take-off angle (a) and the mass absorption 
coefficients of the specimen for each of the elements of interest 
Y or La (µ/pspecimen i~e. 
µ La µ Y 
D = [(Pt/2)((-) --l )csca] p . p i specimen spec men 
~ 
(a) 
The thin film criterion breaks down for n>O,lt The mass absorption 
L y 
coefficient of the specimen for Y x-rays ~I is determined 
P specimen 
as follows: 
y YL 
!!I = !!I C 
P specimen PY Y 
(b) 
f:. YL YL YL 
where !I ,*I , !I represent the mass absorption coefficients for 
L Y La o Y x-rays by yttrium, lanthanum and oxygen, respectively and Cy, c1~, 
C represent the weight fractiorls of the respective absorbers. A 
0 L 
similar analysis can be done for the Lax-rays. 
Knowing the x-ray take-off angle (20-22° for the Philips 400T) 
., 
and the specimen density (5.21 g/cc for 9 mol% La2o3/Y2o3) and setting 
D=O. l, the critical foil thickness beyond which absorption co.rrections 
·• 
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become necessary can be obtained 
,, 
/i 
;:. 
... 
' 
from equation (a) above. For 9· mo1% 
-5 0 
t=2.lxl0 cm or 2100A. 
\ 
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